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Abstract                                        
Designing safe and robust structures to withstand earthquake forces has always 
been a common goal among structural engineers and researchers. Earthquake and 
strong wind effect are the two major big design challenges for the structural 
engineer. The Christchurch and Tohoku earthquakes reminded us again the 
powerful destructiveness of earthquakes. In order to absorb the energy response of 
the multilevel buildings during earthquake, energy absorbing passive damper 
systems is commonly used all over the world.  
 
This dissertation reports a systematic study on developing an economic effective 
solution for the design and retrofit for the new or existing structures. The attention is 
focused on developing a upper toggle- brace-damper system configuration that 
substantially magnifies the effectiveness of damping devices under small structural 
drifts. Through the toggle arrangement, damper travel is magnified while effective 
damper stiffness is found to increase up to three times to improve seismic 
performance of the structures. It is further shown that this upper toggle-brace-
damper system configuration, architecturally, also provides more usable space for 
building occupants. In moderate earthquakes, major structural elements such as 
beams and columns can be protected; while in large earthquakes life-safety can be 
enhanced. An effective energy dissipation system can result in higher levels of safety 
and comfort, and can also lead to considerable savings in the total cost of a building. 
A comprehensive economical design methodology suitable for design engineers will 
be proposed.  
 
An emerging computational analysis method Incremental Dynamic Analysis (IDA) 
was employed in the analysis to validate with a series of scaled seismic records. It is 
observed that this method is to estimate seismic demand hazard accurately and 
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efficiently. We illustrate the IDA method through three benchmark steel nonlinear 
structures designed for SAC Phase II Steel Project for the Los Angeles, California [1]. 
A nonlinear structural analysis were carried out using the computer program 
OPENSEES to obtain the IDA result. The mean annual frequency (MAFs) exceedance 
will be found out from the IDA results.  
 
Finally, a probabilistic seismic hazard analysis (PSHA) calculation of three steel 
benchmark structures will be presented. In this probabilistic demand hazard 
calculation, only the first-mode spectral acceleration was considered. In this thesis, 
the ground motion intensity is characterized by, say,   (     ), the spectral pseudo-
acceleration corresponding to first-mode elastic vibration period and 5% damping 
ratio is use to consider. The seismic result get from the numerically analysis result 
from IDA and the benchmarks steel structure location and the potential future 
earthquakes probability to predict the potential shaking intensity caused by the 
future earthquake events. The MAFs of exceedance with the probabilistic percentage 
for the three buildings within 50 years was found out to show the upper toggle-
brace-damper system is the most efficiency energy dissipation devices to install to 
absorb the energy during the seismic events.   
 
 
 
  
  5 Author: Zhefei  Zhao 
 
Publications  
International Refereed Journal Papers: 
 
 RWK. Chan and Z Zhao, “Numerical investigation into the effect of passive 
energy dissipation in low-rise structures built on soft-soil sites”, Australian 
Journal of Structural Engineering 13(2)  pg149, 2012; 
 RWK. Chan and Z Zhao, “Mitigation of Seismic Risks to Soft-Storey 
Structures Using Toggle-Brace-Damper Systems”, Applied Mechanics and 
Materials 238, 833-837, 2012; 
 RWK. Chan, Z Zhao and W Tang, “Seismic retrofit of reinforced concrete soft-
storey structures using toggle-brace-damper system”, CEBM , CRC 
Press,pg751, 2012; 
 Zhefei Zhao and RWK, Chan, “Geometric Design Steps of Novel upper 
toggle-brace-damper system”, International Journal of Scientific Engineering 
and technology Volume No.4 Issue No.2, pp:94-98 ISSN:2277-1591, 2015; (Best 
Paper Awards in Tokyo International conference of Engineering and Applied 
Science, 2014);  
 
International Refereed Conference Papers: 
 
 Zhefei Zhao and RWK, Chan, “Parametric studies of soft-storey structures 
with upper toggle-brace-damper systems”, 1st international conference on 
infrastructure failures and consequences,2014; 
  6 Author: Zhefei  Zhao 
 
Awards 
 Best Paper Awards Tokyo International conference of Engineering and 
Applied Science, 2014 ; “Geometric Design Steps of Novel upper toggle-brace-
damper system”; 
 Monash Engineering Women’s Leadership Awards, Melbourne, Australia, 
2015; 
 
  
  7 Author: Zhefei  Zhao 
 
Acknowledgements 
The research presented in this dissertation would not have been possible without the 
support that I received from numerous individuals. Foremost, I would like to thank 
my primary supervisor, Dr. W.K Ricky Chan, for his technical guidance and 
encouraging association throughout the period of my research work in RMIT. 
 
      I wish to take this opportunity to thank the school of Civil, Chemical and 
Environmental Engineering, RMIT University for supporting me during the research 
years. I would also like to acknowledge the support that I have received from other 
research candidatures over the years in the form of technical advice and more 
importantly friendship.  
   
    I want to thank my families (my parents and my parents-in-law) for their 
inspiration. I also want to thank my daughter Venus for her lovely born during my 
research period. Finally, I would like to thank my husband Yongjian – without his 
constant mental support this work might not come into this shape.  
  
  8 Author: Zhefei  Zhao 
 
Contents 
Contents 
Abstract ................................................................................................................................................... 3 
Publication .............................................................................................................................................. 5 
Awards .................................................................................................................................................... 6 
Acknowledgements ................................................................................................................................. 7 
Contents .................................................................................................................................................. 8 
List of Illustrations ................................................................................................................................. 10 
List of Tables ......................................................................................................................................... 14 
Notation ................................................................................................................................................ 16 
Chapter 1 Introduction ......................................................................................................................... 21 
1.1 Background ................................................................................................................................. 21 
1.2 Objectives and Scope .................................................................................................................. 22 
1.3 Research questions ..................................................................................................................... 23 
1.4 Organisation of thesis ................................................................................................................. 24 
Chapter 2 Literature Review ................................................................................................................. 26 
2.1 Basic Principles for Seismic Response Control ............................................................................ 26 
2.2 Overview of Passive Energy Dissipation Devices and Systems ................................................... 29 
2.3 Seismic Energy Dissipation System ............................................................................................. 38 
2.4 Incremental Dynamic Method .................................................................................................... 44 
2.5 OPENSEES .................................................................................................................................... 45 
2.6 Benchmark Nonlinear Structures ................................................................................................ 46 
Chapter 3 Parametric Studies of Passive Energy Dissipation in Low-rise Structures ........................... 47 
3.1 Introduction .............................................................................................................................. 47 
3.2 Modelling of nonlinear behaviour of displacement-based......................................................... 49 
3.3 Parameter studies with nonlinear structures ............................................................................. 60 
3.4 Conclusion ................................................................................................................................... 74 
Chapter 4 An Upper Toggle-Brace-Damper System ............................................................................. 76 
4.1 Introduction ................................................................................................................................ 76 
4.2 Mechanisms of the upper toggle-brace-damper system............................................................ 78 
  9 Author: Zhefei  Zhao 
 
4.3 Parametric studies [94] and Geometric Design Steps of an Upper Toggle-Brace-Damper 
System[95] ........................................................................................................................................ 80 
4.4 Summary and conclusion .......................................................................................................... 100 
Chapter 5 Incremental Dynamic Analysis of Upper Toggle-Brace-Damper System ........................... 102 
5.1 Introduction .............................................................................................................................. 102 
5.2 Incremental Dynamic Analysis Method .................................................................................... 104 
5.3 Description of Three Steel Benchmark Structure ..................................................................... 106 
5.4 Incremental Dynamic Analysis in Benchmark Structure with Upper Toggle-brace-damper 
System ............................................................................................................................................. 117 
5.5 Case Study ................................................................................................................................. 125 
5.6 Conclusion ................................................................................................................................. 152 
Chapter 6 Conclusion and Further Research ...................................................................................... 153 
6.1 Conclusion ................................................................................................................................. 153 
6.2 Recommendations for Further Research .................................................................................. 154 
Bibliography ........................................................................................................................................ 156 
Appendix ............................................................................................................................................. 162 
Appendix A: Detail of 3-storey steel benchmark buildings ............................................................. 162 
Appendix B: Detail of 9-storey steel benchmark buildings ............................................................. 163 
Appendix C: Detail of 20-storey steel benchmark buildings ........................................................... 166 
 
  
  10 Author: Zhefei  Zhao 
 
List of Illustrations 
Figure 1 A single-storey structure with EDD [34] ............................................................ 35 
Figure 2 Diagonal bracing damper system ....................................................................... 39 
Figure 3 Chevron bracing damper system ........................................................................ 40 
Figure 4 Sketch of MDOF system ....................................................................................... 41 
Figure 5 Typical reinforced-concrete flat slab structure .................................................. 50 
Figure 6 Typical light weight steel moment-resisting frame .......................................... 50 
Figure 7 Resilience behaviour of brace-device-structure assembly ............................... 51 
Figure 8 Three-degree-of-freedom system ........................................................................ 56 
Figure 9 Response spectra of selected time histories ....................................................... 59 
Figure 10 Comparison of base shear exerted on parent frames ..................................... 60 
Figure 11 Effect of    on base shear response ................................................................... 62 
Figure 12 Effect of    on base shear response ................................................................... 62 
Figure 13 Frame-C averaged displacement response ...................................................... 65 
Figure 14 Frame-S averaged displacement response ....................................................... 67 
Figure 15 Storey displacement for Frame-S ...................................................................... 68 
Figure 16 Storey ductility demand ..................................................................................... 73 
Figure 17 Upper toggle configuration ................................................................................ 79 
Figure 18:The Toggle-Brace-Damper system configuration---Horizontal 
displacement of   in the superstructure ............................................................................ 79 
Figure 19 Steel structure with an innovation upper toggle-brace-damper system ..... 82 
Figure 20 The toggle-brace-damper system configurations ........................................... 83 
Figure 21 Magnification factor     and angle    ............................................................. 88 
Figure 22 Relationship between maximum displacement and     ratio ...................... 89 
Figure 23 Effect of    on maximum storey displacement ............................................... 90 
Figure 24 Steel Structures with an Upper Toggle-Brace-Damper System .................... 92 
Figure 25 Steel Structures with Diagonal Damper System ............................................. 92 
Figure 26 3 stories structure maximum roof displacement ............................................ 95 
Figure 27 6 stories structure maximum roof displacement ............................................ 96 
Figure 28 Interstorey Drift Displacement .......................................................................... 98 
  11 Author: Zhefei  Zhao 
 
Figure 29 Base Shear vs. Maximum Displacement .......................................................... 99 
Figure 30 Base Shear Comparisons .................................................................................. 100 
Figure 31 Detail of           Benchmark Structure [1] .............................................. 108 
Figure 32 Detail of           benchmark steel structure [1] ...................................... 112 
Figure 33 Detail of            benchmark steel structure [1] .................................... 116 
Figure 34: 10 IDA curves and the associated limit-state capacities for the 3-storey 
steel benchmark building. The IO limit is at the intersection of each IDA with the 
        line, the CP limit is represented by the dots, while GI occurs at the 
flatlines. ................................................................................................................................ 126 
Figure 35: 10 IDA curves and the associated limit-state capacities for the 3-storey 
steel benchmark building with the diagonal damper system. The IO limit is at the 
intersection of each IDA with the         line, the CP limit is represented by the 
dots, while GI occurs at the flatlines. ............................................................................... 127 
Figure 36: 10 IDA curves and the associated limit-state capacities for the 3-storey 
steel benchmark building with the upper toggle-brace-damper system. The IO limit 
is at the intersection of each IDA with the         line, the CP limit is 
represented by the dots, while GI occurs at the flatlines. ............................................. 128 
Figure 37 Summary of the IDA curves and corresponding limit-state capacities into 
their 16%, 50% and 84% fractiles for 3-storey steel benchmark building. .................. 129 
Figure 38 Summary of the IDA curves and corresponding limit-state capacities into 
their 16%, 50% and 84% fractiles for 3-storey steel benchmark building enhanced 
with diagonal damper system ........................................................................................... 129 
Figure 39 Summary of the IDA curves and corresponding limit-state capacities into 
their 16%, 50% and 84% fractiles for 3-storey steel benchmark building enhanced 
with innovative upper toggle-brace-damper system .................................................... 130 
Figure 40 the comparison of Immediate Occupancy vs IM value for three 3-storey 
building ................................................................................................................................ 132 
Figure 41 the comparison of Collapse Prevention vs IM value for three 3-storey 
building ................................................................................................................................ 132 
Figure 42 the comparison of Global dynamic instability vs IM value for three 3-
storey building..................................................................................................................... 133 
Figure 43: 20 IDA curves and the associated limit-state capacities for the 9-storey 
steel benchmark building. The IO limit is at the intersection of each IDA with the 
        line, the CP limit is represented by the dots, while GI occurs at the 
flatlines. ................................................................................................................................ 134 
Figure 44 20 IDA curves and the associated limit-state capacities for the 9-storey steel 
benchmark building with the diagonal damper system. The IO limit is at the 
intersection of each IDA with the         line, the CP limit is represented by the 
dots, while GI occurs at the flatlines. ............................................................................... 135 
  12 Author: Zhefei  Zhao 
 
Figure 45 20 IDA curves and the associated limit-state capacities for the 9-storey steel 
benchmark building with the innovative upper toggle-brace-damper system. The IO 
limit is at the intersection of each IDA with the         line, the CP limit is 
represented by the dots, while GI occurs at the flatlines. ............................................. 136 
Figure 46 Summary of the IDA curves and corresponding limit-state capacities into 
their 16%, 50% and 84% fractiles for 9-storey steel benchmark structure. ................. 137 
Figure 47 Summary of the IDA curves and corresponding limit-state capacities into 
their 16%, 50% and 84% fractiles for 9-storey steel benchmark building enhanced 
with innovative upper toggle-brace-damper system .................................................... 137 
Figure 48 The comparison of Immediate Occupancy vs IM value for three 9-storey 
building ................................................................................................................................ 139 
Figure 49 The comparison of Collapse Prevention vs IM value for three 9-storey 
building ................................................................................................................................ 139 
Figure 50 The comparison of Global dynamic instability vs IM value for three 9-
storey building..................................................................................................................... 140 
Figure 51: 30 IDA curves and the associated limit-state capacities for the 20-storey 
steel benchmark building. The IO limit is at the intersection of each IDA with the 
        line, the CP limit is represented by the dots, while GI occurs at the 
flatlines. ................................................................................................................................ 141 
Figure 52: 30 IDA curves and the associated limit-state capacities for the 20-storey 
steel benchmark building with the diagonal. The IO limit is at the intersection of 
each IDA with the         line, the CP limit is represented by the dots, while GI 
occurs at the flatlines. ......................................................................................................... 142 
Figure 53: 30 IDA curves and the associated limit-state capacities for the 20-storey 
steel benchmark building with the innovative upper toggle-brace-damper system. 
The IO limit is at the intersection of each IDA with the         line, the CP limit 
is represented by the dots, while GI occurs at the flatlines. ......................................... 142 
Figure 54 Summary of the IDA curves and corresponding limit-state capacities into 
their 16%, 50% and 84% fractiles for 20-storey steel benchmark structure. ............... 143 
Figure 55 Summary of the IDA curves and corresponding limit-state capacities into 
their 16%, 50% and 84% fractiles for 20-storey steel benchmark building enhanced 
with diagonal damper system ........................................................................................... 143 
Figure 56 Summary of the IDA curves and corresponding limit-state capacities into 
their 16%, 50% and 84% fractiles for 20-storey steel benchmark building enhanced 
with innovative upper toggle-brace-damper system .................................................... 144 
Figure 57 The comparison of Immediate Occupancy vs IM value for 20-storey 
building ................................................................................................................................ 146 
Figure 58 The comparison of Collapse Prevention vs IM value for 3-storey building
................................................................................................................................................ 146 
Figure 59 The comparison of Global dynamic instability  vs IM value for 20-storey 
building ................................................................................................................................ 147 
  13 Author: Zhefei  Zhao 
 
Figure 60 Los Angeles, California Hazard Curves......................................................... 149 
Figure 61 3-Storey Steel Benchmark Building [1] ........................................................... 162 
Figure 62 3-Storey Steel Benchmark Building enhanced with Diagonal Damper 
System ................................................................................................................................... 163 
Figure 63 3-Storey Steel Benchmark Building enhanced with Toggle-Brace-Damper 
System ................................................................................................................................... 163 
Figure 64 9- Storey Steel Benchmark Building ............................................................... 164 
Figure 65 9-storey Steel Benchmark Building enhanced with Diagonal Damper 
System ................................................................................................................................... 165 
Figure 66 9-storey Steel Benchmark Building enhanced with Toggle-Brace-Damper 
System ................................................................................................................................... 166 
Figure 67 20-storey Steel Benchmark Building ............................................................... 167 
Figure 68 20-storey Steel Benchmark Building enhanced with Diagonal Damper 
System ................................................................................................................................... 168 
Figure 69 20-storey Steel Benchmark Building enhanced with Toggle-Brace-Damper 
System ................................................................................................................................... 169 
 
 
 
 
  
  14 Author: Zhefei  Zhao 
 
List of Tables 
Table 1: Dynamic properties of the parent frames ........................................................... 50 
Table 2 Selected earthquake time-histories ....................................................................... 58 
Table 3 Values of parametric study .................................................................................... 60 
Table 4 Detail properties of the steel frame structural .................................................... 82 
Table 5 Values for parametric studies ................................................................................ 85 
Table 6 Ground motion Records Subjected for Parametric Studies .............................. 86 
Table 7 Detail of          Benchmark Building [1] ................................................... 106 
Table 8 Detail of           Benchmark Building [1] ................................................... 109 
Table 9 Detail of            Benchmark Building [1] .................................................. 113 
Table 10 Thirty Ground Motion Records [71, 89] ........................................................... 119 
Table 11 Summarized capacities for each limit-state for 3-storey steel benchmark 
building ................................................................................................................................ 131 
Table 12 Summarized capacities for each limit-state for 3-storey steel benchmark 
building enhanced with diagonal damper system ........................................................ 131 
Table 13 Summarized capacities for each limit-state for 3-storey steel benchmark 
building enhanced with innovative upper toggle-brace-damper system .................. 131 
Table 14 Summarized capacities for each limit-state for 9-storey steel benchmark 
building ................................................................................................................................ 138 
Table 15 Summarized capacities for each limit-state for 9-storey steel benchmark 
building enhanced with diagonal damper system ........................................................ 138 
Table 16 Summarized capacities for each limit-state for 9-storey steel benchmark 
building enhanced with upper toggle-brace-damper system ...................................... 138 
Table 17 Summarized capacities for each limit-state for 20-storey steel benchmark 
building ................................................................................................................................ 144 
Table 18 Summarized capacities for each limit-state for 20-storey steel benchmark 
building enhanced with diagonal damper system ........................................................ 145 
Table 19 Summarized capacities for each limit-state for 20-storey steel benchmark 
building enhanced with upper toggle-brace-damper system ...................................... 145 
Table 20 The MAFs of exceedance (   ) for the three limit-state (IO, CP and GI) for 
3-storey steel benchmark building ................................................................................... 149 
Table 21 The MAFs of exceedance (   ) for the three limit-state (IO, CP and GI) for 
9-storey steel benchmark building ................................................................................... 150 
  15 Author: Zhefei  Zhao 
 
Table 22 The MAFs of exceedance (   ) for the three limit-state (IO, CP and GI) for 
20-storey steel benchmark building ................................................................................. 150 
Table 23 Summary of the MAFs of exceedance in 50 years for three benchmark 
buildings ............................................................................................................................... 151 
 
 
  
  16 Author: Zhefei  Zhao 
 
Notation 
The following notation is used in this thesis unless otherwise noted: 
  Slope of hysteresis at zero crossing 
  Structure damping coefficient 
    System’s damping matrix 
   Structure initial conditions, it is a constants number  
   Structure initial conditions, it is a constants number 
   
Tuned mass damper auxiliary dashpot；damping coefficient for the 
damper 
   Increment displacement  
   Decision variable; scalar: indicator variable  
   Input energy from earthquake 
   Kinetic energy in system 
   Strain energy in system 
   Viscous damping energy in system 
   Yielding energy in system 
  ( ) Restoring force 
  ( ) Elastic components of the restoring force 
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  ( ) Hysteretic components of the restoring force 
  ( ) Control system force 
  
Structure linear elastic stiffness; 
The stiffness of the complete system which combining the EDD, 
inverted V-brace and parent frame and the lateral resilient force of a 
combined structure-brace assembly assuming a bilinear relationship; 
   Lateral brace stiffness 
   
Lateral Energy Dissipation Device (EDD) stiffness 
Tuned mass damper auxiliary spring 
    
Lateral resultant stiffness of Energy Dissipation Device (EDD) 
enhanced with brace 
   Lateral frame stiffness of parent frame without brace and device 
  Lateral Axial Stiffness 
   Pre-yield stiffness of the model 
   Under yielding force 
   Horizontal component axial force 
     System’s stiffness matrix 
   Structural force 
     
Linear model; elastoplastic model; bilinear model; or other types of 
models 
    An     influence vector 
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  Structural mass 
   Control system mass  
   Tuned mass damper auxiliary mass 
    System’s mass matrix 
  
Controls the sharpness of the transition from the elastic to the 
inelastic region 
    
A vector containing the displacement of each degree of freedom 
relative to the ground 
  
Force along the movement of the damping device; damping force; A 
amplitude of excitation 
    Equation of motion in matrix form 
   Yield strength of the complete system 
       A series of sinusoidal excitation 
   
Stiffness ratio of brace-device assembly stiffness compare with the 
stiffness of the parent frame 
  Ground motion acceleration time 
   Time of first mode 
   Time of second mode 
   Time of third mode 
  The displacement with respect to the ground in the x-direction 
    A vector with respect to the ground in the x-direction  
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 ̇ Structural velocity   
  ̇  A vector of structural velocity  
 ̈ Structural acceleration  
  ̈  A vector of structural acceleration  
 ( ) Yield displacement 
   Yield displacement of complete system 
    Yield displacement of the parent structure 
    Yield displacement of the Energy Dissipation Device (EDD) 
   The displacement of the ground relative to its original position. 
 ̈  Ground acceleration 
   
Displacement amplitude of the system forces 
 ̇  
Velocity amplitude of the system forces 
 ̈  Acceleration amplitudes of the system forces 
 ̈ ( ) Earthquake ground motion 
    A state variable vector 
    A vector of the roof displacement on the horizontal direction 
 ( ) 
Non-dimensional variable with hysteretic properties (usually called 
hysteretic displacement) 
  Ratio of the post-yield stiffness to the pre-yield stiffness 
    Post-yield stiffness ratio in the device-brace which the stiffness 
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number result from the post-yielding of EDD 
   Yield drift angle 
  Damping ratio 
   Natural frequency in radians of the structure 
 ̅ 
 √       
Damper natural frequency 
     Peak interstory drift ratio 
  Dimensionless quantities controlling the shape of hysteresis 
    Means the signum function 
 (  ) The conventional hazard curve 
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Chapter 1 Introduction 
1.1 Background  
 
In past few decades, research in the development of control systems has made 
signification progress in the reduction of the overall response of civil structures 
subjected to seismic excitations. A large amount of energy is imparted in to a 
structure during earthquake ground motions. Conventional design consider 
earthquake effects as loads and attempt to control drifts caused.  
 
Damage to steel structures can be catastrophic in the event of a seismic action. 
Closure of damaged structures, if in a critical transportation network, will block 
emergency services to people in a heavily damaged area immediately after an 
earthquake. Later, fallen structure often slows reconstruction. There exists a need to 
retrofit these structures in order to upgrade their seismic capacity to prevent loss of 
lives or severe disruption in a society in the event of a strong earthquake.   
 
In recent years, some special protective systems have been developed to enhance 
safety and reduce damage of structures during earthquakes. These alternative 
approaches aim to control the structural seismic response and energy dissipation 
demand on structural members by modifying the dynamic properties of the system. 
Currently, one of the most practical and reliable method of reducing seismic 
structural response is the use of energy dissipation control system. Those energy 
dissipation control systems developed for stronger excitations, where occupant 
safety is the main concern, the goal is to improve structural response by reducing 
peak interstory drift or increasing energy dissipation.  
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Obviously, there is a need to develop systematic and quantitative approaches to 
popularize the use of a very effective device in the practice of structural engineering. 
With the currently available computing facilities and developments in the area of 
structural optimization, it now possible to design building structures installed with 
supplemental passive devices in an optimal manner. Also, it is quite important to 
know the sensitivity of the design and how to design this device.  This study is 
planned to address these important research issues in a comprehensive manner.  
1.2 Objectives and Scope 
 
The objective of utilizing dampers is to reduce structure responses and to mitigate 
damage or collapse of structures from severe earthquakes by energy dissipations. 
Installation of dampers in a new or existing building structure, which does not 
possess sufficient lateral stiffness, enables control of the storey drift within the 
required limitation and maintains its desired functions during an earthquake event. 
Since the first application of dampers in structural engineering took place in 1960s, 
abundant research work has been conducted to study the mechanisms of dampers 
and the behaviour of damped structures. With the invention of different types of 
damping devices, improvement of modelling techniques and development of new 
computational methodologies, use of dampers has become a mature technology in 
designing of new structures and retrofitting of existing facilities. 
 
The objectives of this study are: 
 
1) To investigate the parameter factors of the passive energy dissipation device 
in low-rise buildings in soft soil.  
 
2) To develop an economic and effective energy dissipation device called Noel 
upper toggle-brace-damper system.  
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3) To investigate the sensitivity of this upper toggle-brace-damper system. 
Identification of the critical parameters that influence the cyclic response of 
the toggle-brace-damper system though the numerical analysis. 
 
4)  To summarize a simple geometric design steps for the upper toggle-brace-
damper system as passive energy dissipation devices for seismic steel 
structural applications.   
 
5) Through the incremental dynamic analysis (IDA) method result the MAFs of 
exceedance with probability percentage in 50 years hazard curves on three 
benchmarks buildings to show benefit of the upper toggle-brace-damper 
system.  
 
1.3 Research questions  
1) What are the critical parameters in a passive vibration controlled structure? 
Numerical investigation of passive energy dissipation device and the geometric 
design studies to show the critical parameters in a passive vibration controlled 
structures.  
 
2) What are the geometric properties and magnification factor of the Upper 
toggle-brace-damper system? 
Geometric configuration and magnification factor studies are indicating the 
geometric properties and magnification factor of the upper toggle-brace-damper 
system.  
 
3) Is the upper toggle-brace-damper system an effective configuration for 
passive vibration control? 
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Parametric studies method to show the geometric design benefit.  
Three benchmark buildings with incremental dynamic analysis (IDA) method and 
the probabilistic seismic hazard analysis calculation resulting with the numerical 
benefit for the upper toggle-brace-damper system within 50 years, which though the 
OPENSEES modelling ( OPENSEES, an open-source platform developed by Pacific 
Earthquake Engineering Research Centre) for the nonlinear analysis.  
1.4  Organisation of thesis 
 
This thesis is organized into six chapters. A brief description of the contents of each 
chapter is presented here.  
 
Chapter 1 is the summary of background, objective and scope, research questions 
and organisation for this thesis.  
 
Chapter 2 presents literature review of the recent studies of the passive energy 
dissipation. An emerging computational analysis method called Incremental 
Dynamic Analysis (IDA) is also reviewed.  
 
Chapter 3 provides a study into the effectiveness of passive energy dissipation 
systems in low-rise structures built on soft soil sites subjected to ground motions. 
 
Chapter 4 develop an upper toggle-brace-damper system. An evaluation of design 
parameters of the Upper toggle-brace-damper system is presented. A numerical 
simulation carried out in OPENSEES and a design methodology of the innovative 
upper toggle-brace-damper system is presented.  
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Chapter 5 provides another way to prove the benefit of upper toggle-brace-damper 
system. Using the Incremental Dynamic Analysis (IDA) method resulting with the 
probabilistic seismic hazard analysis calculation compared with three SAC Phase II 
project steel benchmark buildings to show the numerical benefit for the upper 
toggle-brace-damper systems.  
 
Chapter 6 provides conclusion for the thesis and future research.  
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Chapter 2 Literature 
Review 
A structure is a system that carries and transmits loads.  The loads in a structure can 
be separate static and dynamic loads. Under the design loads, a typical structure, 
such as buildings, bridges and its elements, such as beam, columns, etc. are designed 
to ensure the structural safety (strength and stability) and serviceability (stiffness). 
Advanced discovers lead to the innovative approach which is called smart 
structures[2]. When building a new structure or retrofitting an existing one for safety 
and serviceability requirements, using smart structure systems can save materials 
and construction work, consequently reducing structural weight as well as 
construction cost.  
2.1 Basic Principles for Seismic Response Control 
 
The equation of motion of a simple single –degree-of-freedom (SDOF) model 
subjected to seismic excitation is  
Eq. 1                  : 
    
  ̈( )    ̇( )    ( )     ̈ ( ) 
Eq. 1                   
where  is the structure mass;   is the structure damping coefficient; acceleration   
is the structure linear elastic stiffness. While an earthquake ground  ̈ ( ) applied to 
the model, a responds with the lateral displacement of the ground  ( ) relative to its 
original position will get. This equation also can be rewritten with the damping ratio 
  27 Author: Zhefei  Zhao 
 
   with another format in     
Eq. 2                   :  
 
 ̈( )       ̇( )    
  ( )    ̈ ( ) 
Eq. 2                    
The structure response can be resolved to      and        :  
 
 ( )        (      ̅         ̅  )  
 
 ̅ 
∫  ̈ ( ) 
    (   )     ̅ (   )  
 
 
     
Eq. 3 
where    and    are the structure initial conditions; which both are the constants 
number;   ̅  √       is the damped natural frequency. If the ground motion 
record is expanded into a Fourier series, the SDOF structure response can be 
summarized of a series of sinusoidal excitation as show in       :  
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];        is a series of sinusoidal excitation;   is a amplitude 
of excitation (damping force);  
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      , there are 
three methods can reduce the structure responses.  
 Reducing the magnitude of  ̈ ( ); 
 Increasing the damping ration  ; 
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 Enlarging the difference of   and   to avoid the resonance; 
The mathematical concepts are realized that the base isolation or control system can 
reduce the structure response for the seismic event. A control system enhanced into 
a SDOF structure under seismic event can be expressed as (    ) ̈( )    ̇( )  
  ( )    ( )   (    ) ̈( )  :  
(    ) ̈( )    ̇( )    ( )    ( )   (    ) ̈( )   
Eq. 5 
where   is the control system mass and  is the structure mass, which is 
significantly larger than  . Control system force   ( ) is dependent on the different 
types of control system or device.    ( )    is the formula of a typical linear model 
of   ( ).  
  ( )     ̇( )     ( )    
Eq. 6 
Combine the (    ) ̈( )    ̇( )    ( )    ( )   (    ) ̈( )   and Eq. 6 as 
Eq. 7: 
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      , 
the displacement, velocity and acceleration amplitudes of the SDOF structure can be 
represented as Eq. 8:  
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Eq. 8 
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 Also, Eq. 8 can be rewritten by the restoring force   , the damping force,    and 
inertia force   , then become as:  
     
      
 
  
 
  
  
 
Eq. 9 
In most civil structures, the damping force plays less contribution of the structure 
response under wide-banded excitation[3].  Therefore, if only control by system’s 
stiffness or mass, the amplitude of the inertia or restoring forces is playing a major 
role of the structure response.   In the next few sections will introduce different types 
of control devices or systems.  
2.2 Overview of Passive Energy Dissipation Devices and Systems 
 
The technique of passive energy dissipation system is now widely applied. 
Normally the structures installed with two different types of the structure seismic 
resistance systems: seismic force-resistance system and damping system. Seismic 
force-resistance system refers to the material and configuration of the structure. The 
damping systems are dampers and connection between the damper and the 
structural members, or the way how the force transfers between the damper device 
and structure members. By means of its flexibility and energy absorption capability, 
the dissipation system partially reflects and partially absorbs some of the earthquake 
input energy when this energy is transmitted to the structure. The objective of 
utilizing dampers is to reduce structure responses and to mitigate damage or 
collapse of structures from severe earthquakes by energy dissipations. For a 
successful application, installation of dampers in a new or existing building 
structure, which does not possess sufficient lateral stiffness, enables control of the 
storey drift within the required limitation and maintains its desired functions during 
an earthquake event. The first application of dampers in structural engineering took 
place in early 1900s for the elevated water tanks[4]. From 1950s, abundant research 
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work has been conducted to study the mechanisms of dampers and the behaviour of 
damped structures[5, 6]. In 1980s, full scale control system was established; an active 
mass driver (AMD) system was installed in a building for test[6, 7]. With the 
invention of different types of damping devices, improvement of modelling 
techniques and development of new computational methodologies, use of dampers 
has become a mature technology in designing of new structures and retrofitting of 
existing facilities. Study of damped structure performance mainly relies on types of 
dampers and configurations of their installation. The net effect is a reduction of 
energy dissipation demand on the structure system, resulting in an increase in its 
survivability. In recent decades, serious efforts have been undertaken to research 
and develop the concept of energy dissipation or supplemental damping into a 
workable technology, and a number of structures have been installed the devices all 
over the world [8-12]. Seismic response control history had been summarized in [8, 
12].  
 
In the last few decades significant research and development has been made to make 
civil structures safer and more robust in the event of an earthquake. Passive control 
can be divided into four categories: tendon control, base isolation, passive control, 
and passive damper control. The design specifications for these control systems have 
been presented [13-16]. Active, semi-active energy dissipation or systems with 
controllable mechanical properties have been developed and implemented, but 
passive systems which do not rely on external source of power remained more 
popular. A number of dissipative devices utilizing plastic deformation of metals 
have been proposed and implemented. 
 
Base-Isolation Systems 
  
The base isolation is a well-established application of the passive control approach. 
To install a base isolation to the low lateral stiffness low- and middle-rise building is 
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a good way to reduce the structure response during the earthquake. The flexible 
base of the base isolation system is able to filter out high frequencies from the 
ground motion and to prevent the building from being damaged or collapsing. The 
first successful building installed with the base-isolation system is the Foothill 
Community Law and Justice Center, California[17]. Today, the base-isolation 
technology has been successfully utilized to isolate different types of building 
lateral-force-resisting systems, such as steel braced frames, concrete shear walls, 
reinforced or unreinforced masonry walls, and even wood structures[18]. 
Elastomeric bearings are another type of base-isolation system which originally 
made from natural rubber. Later on, their properties were improved by adding steel 
plates or shims.   As low-damping properties of the weakness of the elastomeric 
bearings system, the Lead-plug Bearings and High Damping Rubber bearings have 
been developed [23].  In addition to elastomeric bearings, sliding bearings, and 
combinations of both types of beatings, there are other types of base-isolation 
systems based on the concepts of energy dissipation passively, such as Friction 
Pendulum bearings[17], Pot-type bearings[17], resilient-friction base-isolation 
systems[17], spring-type systems[17], and sleeved-pile isolation systems[17]. All the 
detail had been introduced in [17].  
 
Passive Energy Dissipation Systems 
 
Passive energy dissipating systems are the mechanical devices to dissipate the input 
energy to reduce the structure response and structural damage. No active 
intervention or external of energy source is required for the passive energy 
dissipating systems.  Typical passive energy are turned mass dampers (TMDs), 
tuned liquid dampers (TLDs), friction devices, metallic yielding device, viscous-
elastic, and viscous fluid dampers. Using steel plates for absorbing and dissipating 
energy was first used exclusively in unclear installation [21].  Since 1990’s, rapid 
increase in implementation of energy dissipating systems have been reported [14, 
22]. In this technique designated energy dissipating devices (EDD) are installed in 
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the structure such that a portion of the energy originated from ground shaking is 
diverted to. Supplemental dampers can provide the building with additional 
stiffness and damping to reduce the response. Passive dampers significantly enhance 
energy dissipation in structures and reduce the energy dissipation demand on 
structural components. Damage to the building can be limited to supplemental 
dampers which are easier to replace than structural components and do not affect 
the gravity load-resisting system.  Various energy dissipation mechanisms such as 
friction, metallic yielding, phase transformation of materials, sloshing of liquid etc, 
have been developed.  
 
Friction damper mechanism involves moving parts which slide over each other 
during strong earthquake.  
 
Viscoelastic damper is consists of solid elastomeric pads (viscoelastic material) 
bonded to steel plates. As one end of the damper displace with respect to the other, 
the viscoelastic material is sheared. The shearing action results in the development of 
heat can be dissipated the environment and it exhibit both elasticity and viscosity. 
The viscoelastic damper is stable behaviour with good aging properties and 
resistance to environmental pollutants.  
 
Viscous fluid damper is a closed cylinder containing a viscous fluid (for example: 
oil). A piston rod with a small hole connects with a piston head can move in and out 
of the cylinder. The viscous fluid damper may reduce displacement for displace, 
over 50% in many cases; decrease base shear and inter-story shear, up to 40%;  much 
lower “g” forces in the structure, only fluid dampers reduce both and deflection in a 
structure during a seismic event; easily installed which can be installed in all shape 
of braces or as part of base-isolation system; stable, predictable performance at any 
temperature; long life, less maintenance and existing structures can be simply 
upgraded. The first viscous damper system installed in the bridge in 1970s [11]. A six 
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degree of freedom viscous damper system configuration  was developed by a 
company in Japan[19].  In 1990s, based on the mechanics of fluid dynamics, the 
constitutive law of viscous fluid, and experimental investigation, the Macroscopic 
models were [20]developed [21-24].  
 
Tuned mass damper is consisted of mass which moves relative to the structure and it 
attaches with a spring and a viscous damper in parallel. It consists of an auxiliary 
mass(  ), spring (  ), dashpot (  ) system anchored or attached to the main 
structure. The mass usually experiences large displacement. The tuned mass damper 
and the kinetic energy are transferred from the structure to the tuned mass damper 
and are absorbed by the damping component of the device and it can be placed in 
two directions. Tuned mass dampers can be installed at the roof tops of buildings to 
control the responses of buildings produced due to wind or an earthquake. Also, 
tuned mass dampers can be installed in others structure, such as, flexible bridges to 
control the wind induced vibration. In the tuned mass damper, a basic mechanism is 
a dynamic vibration absorber, which comprises with a small dynamic mass   and a 
dynamic stiffness of spring   , and it is attached to the main mass  with the 
stiffness with spring   . When the natural frequency of the attached absorber and the 
excitation frequency are equal to each other [25]. The sinusoidal force         can 
be balanced by the restoring force of the dynamic mass   . Some research [26-28] 
had found out the basic mechanism of the undamped vibration absorber, the energy-
absorbing capacity of the TMD is related to the mass ratio of the TMD to the main 
structure, the stiffness ratio of the TMD and the structure. Tuned mass damper had 
been widely used in mechanical system area and structure area in recent years.  
 
Tuned Liquid Dampers has a rectangular or cylindrical container stored usually with 
water. The sloshing water dissipates energy when the wind and earthquake events 
happened. And the tuned liquid damper is amplitude dependent and placed on top 
of the structure can save spacing of the structure. Two types of the tuned liquid 
damper are widely use which are tuned liquid damper and tuned liquid column 
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damper. With low installation cost, no moving parts, low operation and maintenance 
cost, frequency can be controlled by adjusting height, resistance against both wind 
and earthquake events and temporary use all are the advantages of the tuned liquid 
damper. Tuned liquid damper share similarities with tuned mass damper, also used 
in the high towers and tall buildings to reduce the structure response to mitigate the 
wind and earthquake risks[29].  
 
Metallic damper uses the inelastic deformation of metallic substances and usually 
made from steel. As the building vibrates, the braces stretch and compress, thus 
deform damper. The advantage of the metallic damper are stable behaviour, long-
term reliability good resistance to environmental and thermal conditions, capable of 
providing buildings with increase stiffness, strength and energy dissipation capacity. 
There are three major types of metallic damper which are yielding steel damper, lead 
extrusion damper and shape memory alloy damper. In 1970s, the conceptual and 
experimental work of the metallic yielding damper began [30, 31]. After the 
modelling and testing, metallic dampers progressed considerably in [12, 32, 33] . 
Devices which make use of flexural deformation of metals include the patented 
ADAS[24], variant TADAS [25] and the Steel Slit Damper (SSD)[26, 27]. The 
Buckling-restrained brace (BRB) [28-30] and its variant Buckling-restrained lug [31], 
on the other hand, makes use of the axial deformation of steel. Shear yielding of thin 
steel plates have also been used to dissipate energy through displacement [32, 33]. 
The advantages of metallic devices include: simple technique and easy to 
manufacture, can easily be integrated into new or existing structures, stable 
behaviour in earthquakes and no environmental (temperature, humidity, etc.) factors 
affect their performance. Adding metallic devices to the structure divert energy 
dissipation to the dampers. After earthquakes, devices can easily be replaced for 
strengthening structure for future earthquakes. Metallic devices, however, which 
utilize yield deformation of metals to dissipate energy are generally inexpensive, 
insensitive to ambient temperature and require minimal maintenance. They belong 
to the class of displacement-based device, which relies on relative displacement 
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which the device travels. Implementation of EDD is usually incorporated in the 
bracings of a building frame. In this way the EDD does not interrupt the gravity 
load-path. Figure 1 shows a diagram of single-storey steel with an EDD supported 
by an inverted V-brace. The frame is characterised by structural mass , frame 
stiffness    and brace stiffness   . For illustration the EDD is a steel slit damper[34]. 
Lateral force on the storey mass due to ground motions produces a relative 
displacement between the top and bottom of EDD. When such displacement 
produces a sufficient large displacement to trigger yielding, energy dissipation 
begins and effective damping of the structural systems is increased. Some may refer 
it “structural fuse” as the EDD is a sacrificial element. In seismic retrofits of moment-
resisting frames, the device-brace assembly are additional elements to protect the 
parent frame. The device-brace assembly could also replace any existing brace-
damper systems which are not designed to dissipate energy.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              
 
 
 
Figure 1 A single-storey structure with EDD [34] 
 
Some design concerns with passive displacement-based earthquake devices 
include[35]: 
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1. The EDD must possess sufficient elastic strength such that they are not 
excited into inelastic regime in serviceability conditions, such as strong winds. 
EDD is designed to be “turned-on” once serviceability limit state is exceeded. 
Maximum allowable drift angle of serviceability can be used; 
 
2. The EDD must possess sufficient fatigue resistance, especially for metallic 
devices, to prevent premature detachment of the bracing-damper system from 
the parent structural upon repeated deformation; 
 
3. The EDD should be positioned strategically to facilitate replacement, and; 
 
4. Stiffness and yield strengths of the device-brace assembly must be calibrated 
to the expected earthquake.  
 
With regard to stiffness, Xia et al[36] carried out numerical investigations on two 10-
storey steel framed structures fitted with ADAS device. The structural models are 
described by bilinear equations and are subjected to three earthquake histories 
recorded on stiff soil or rock sites. In addition to the conclusion that significant 
energy dissipation is obtained by ADAS, the frame to device-brace to frame stiffness 
ratio    has a strong influence between 2 and 4, and suggested yield displacement of 
ADAS device to be set at 1.4% to 2% of storey height. Nakashima et al [37] 
investigated the energy input and dissipation of nonlinear systems as affected by 
pose –yield stiffness ratio   on short period dominated earthquake histories. They 
concluded that an increase in   tends to increase total input energy in a narrow 
range of natural periods close to the dominating frequency of the ground motion. 
Input and dissipated energy become less sensitive to yield strength of system with 
an increase of  . Jara et al[38] carried out a parametric study on energy dissipation of 
single degree of freedom oscillators on soft soil sites of Mexico with predominant 
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period at about 2 seconds. They concluded that frame and device ductility demand 
is strongly influenced by brace to device stiffness ratio. In more recent paper Jara[39] 
continuous their numerical investigations into multi-storey steel frame structures. It 
was concluded that the seismic response is strongly influenced by the ratio of the 
inter-storey stiffness in the frame to the inter-storey stiffness of the energy 
dissipation device support framing system and by the ratio of fundamental period of 
the structure to predominant period of the ground motion. Several of metallic yield 
systems had been developed and used to improve the seismic resistance result of the 
new or existing structures [30, 40, 41].  
 
Analyses of structural systems fitted with displacement-based metallic EDD 
generally require nonlinear analysis procedures. ASCE7-05[13] permits two 
nonlinear procedures: nonlinear static analysis and nonlinear time history analysis. 
Nonlinear procedures typically involve significant computational power and they 
are usually time consuming. Thus it is necessary to understanding influencing 
parameters of the brace and devices such that the design process can be carried out 
more efficiently.  
 
The passive energy dissipation systems increase the hysteretic energy dissipation 
capacity of the structure. And the energy dissipation system will improve the 
structure performance had been provided in [42]. As the amount of energy needed 
to be dissipated through strain deformation of the structure is reduced, the amount 
of energy dissipated though hysteretic behaviour of passive energy dissipation 
devices is increased. In the last two decades, energy dissipation systems have been 
succeeded employed in the structures. Such system dissipate a significant portion of 
the seismic input energy, thereby relieving the energy dissipation demand on the 
structural framing system and thus reducing damage. Aiken et al summarized and 
investigated the different types of energy dissipation devices[43].  In recent years, 
many control algorithms and devices have been proposed for real applications [10, 
44, 45]. Experimental shown that the structural performance have an efficient 
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improvement under seismic loads can be realized with addition of viscoelastic 
dampers[46].  Due to potentially small deformations transferred to the dampers, in 
stiff structures installed with fluid viscous damper system is often less efficient than 
application to relatively flexible structures[47, 48]. Different displacement 
magnification configurations have been proposed in the literature to address the 
problems associated with structures. Taylor Devices first presented and patented a 
system called “the toggle-brace-damper system”[49]. Constantinou et al [50] further 
developed three toggle-brace-damper configurations which are lower toggle, upper 
toggle and reverse toggle to compare with chevron and diagonal configuration 
though the magnification factor.  And verify the toggle-brace damper system with a 
single degree-of-freedom steel structure. Scissor-jack damper system configuration 
had been demonstrated in [51]. Some aspects been discussed in [52] and a lower 
toggle-brace-damper system directly installed to the beam-column joints had been 
presented in the paper.   
 
Some of the design standard of the seismic-design specifications had been developed 
in the last decade. Federal Emergency management Agency (FEMA) plays an 
important role of the seismic-design specifications guidelines.  FEMA 140[14] had 
been published in 1991, FEMA 302[15] in 1997, FEMA 368[53] in 2000, and FEMA 
450[54] in 2003.  
 
2.3 Seismic Energy Dissipation System 
Study of damped structure performance relies on different types of dampers and 
different configurations of the installation are the objective to reduce the structure 
response and to mitigate damage or collapse of structures during the earthquakes 
events. A structure installed with the dampers normally has two structural systems 
to resist seismic force: seismic force-resisting system (SFRS) and damping system 
(DS). The seismic force-resisting system is depends on the selection of the structural 
materials and its installed configurations. The damping system is usually 
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characterized by the collection of dampers, connections position and the force 
transfer way between the dampers and the structure members.   
 
Dampers commonly installed either within diagonal bracing damper system or 
chevron bracing damper system. For the diagonal bracings damper system (Figure 2 
Diagonal bracing damper system) to the building structure, the angle   , this is the 
angle between damper and the horizontal displacement. The angle   of the chevron 
bracing system is shown in Figure 3 Chevron bracing damper system. Within recent 
years, dampers also installed within toggle brace damper system: upper toggle brace 
damper system, lower toggle brace damper system or reverse toggle brace damper 
system[50, 55]. Also for later years a configuration called scissor-jack bracing damper 
system[51]. The chevron brace damper system is attractive since the full capacity of 
the damper is utilized to resist lateral motion. However, the bracing is subjected 
primarily to axial forces and thus, to be effective, the bracing must have high axial 
stiffness. Compare to chevron bracing system, the diagonal bracing configuration 
may be less effective since only a component of the damper force resists lateral 
motion. However, the diagonal brace damper system is subjected only to the axial 
forces and thus is inherently stiff. Constantinou [50] investivated into three different 
configuration toggle brace damper system with large magnification factor then 
diagonal brace damper system and chevron brace damper system. An upper toggle 
brace damper system had been introduced in 2012, which has a large magnification 
factor then all other three toggle brace damper systems has been report in [56].  
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Figure 2 Diagonal bracing damper system 
 
Figure 3 Chevron bracing damper system 
 
Consider a single-degree-of-freedom (SDOF) as a single-storey structure installed 
with a damping system.  All the mass lumped sum at the roof level, is denoted as . 
A hysteretic force   ,    is the stiffness of the parent structure without brace and 
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damper devices and   is the roof displacement or deflection of structure at any time 
 . Structural velocity  ̇  Structural acceleration is  ̈ and ground acceleration is  ̈  at 
any time t. Elastic force can be represented as   . The structure damping coefficient 
is  . As the bracing has a stronger axial stiffness than the damping device and the 
contribution of the damping system, the bracing components will be assumed as 
rigid. For the SDOF with a damping system, the relationship can be expressed as 
follow:  
  ̈    ̇           ̈  
Eq. 10 
 
Figure 4 Sketch of MDOF system 
 
Refer to Figure 4 and based on the Eq. 10, the multi-degree-of-freedom (MDOF) 
structures with multi-stories enhanced with damping system a matrix can be easily 
expressed the relationship as follow which is a Bouc-Wen model:  
 
     ̈       ̇                    ̈        
Eq. 11 
where the     matrix of the system’s mass, damping coefficient , horizontal 
components axial force and structural force,     ,          and     ;     is a vector 
  42 Author: Zhefei  Zhao 
 
containing the displacement of each degree of freedom relative to the ground;   ̈  is 
a vector of the structural acceleration;   ̇  is a vector of the structural velocity;     is a 
vector of the displacement with respect to the ground in X-direction;     is a vector 
of the roof displacement in horizontal direction;      is an     influence vector. 
Different types of the models can selected with different structural force   , in 2000, 
Cheng el at presented the detail of different structure models with various structure 
force in reference[57].  
 
The seismic structural analysis can be assumed the relationship between forces and 
displacement is linear or nonlinear. Linear analysis for static and dynamic loads has 
been used in structural design for decades. Linear dynamic analysis method are 
described [58, 59]. Nonlinear response history analysis is the only procedure to 
resolve Eq. 11 on condition that the nonlinearity of the seismic force-resisting system 
and damping system has to be considered in direct way.  The first draft published 
code [60] for the design structures with damping system  was in 1992. From 1999, the 
Federal Emergency Management Agency (FEMA) developed and finished some 
more effective design guidelines [54, 61-63]. Meanwhile, to remove the major 
impediment in design of damped structures, some research [64, 65]focused on 
development of an effective method that is able to simplify the design procedures 
and reduce computational efforts for some types of damped building structures. A 
comparisons of design method and guideline for the time history analysis was 
presented in[64] .  Because for the emerging performance-based guideline require to 
represent the structure nonlinear performance, the nonlinear analysis method are 
widely use all over the world in recent decades. Nonlinear structural analysis is 
becoming more important in earthquake-resistant design, particularly with the 
development of performance-based earthquake engineering, which requires more 
detailed information about the displacement, drifts and inelastic deformation of a 
structure than traditional design procedures. Nevertheless, many challenges remain 
in the field of structural analysis to meet the goal of providing predictive simulations 
of the performance of a structure under earthquake excitation. There are two major 
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sources of nonlinear behaviours. The first is a nonlinear relationship between force 
and deformation resulting from material behaviour such as ductile yielding, stiffness 
and strength degradation or brittle fracture. The second type of nonlinear behaviour 
is caused by the inclusion of large displacement in the compatibility and equilibrium 
relationship.  
 
The input energy imparted to an inelastic system by earthquake will dissipation with 
the viscous damping and yielding. These energy quantities can be obtained by 
numerical integration in a time history analysis. Concurrent with earthquake 
response analysis, the energy quantities can be computed conveniently by rewriting 
the integrals with respect to time, the input energy    from the earthquake can 
represent as follow Eq. 12:  
    ∫   ̈     ∫   ̈  ̇  
 
 
 
 
 
Eq. 12 
which    is an increment displacement ; for the kinetic energy in system    which 
can be represented by the mass associated with its motion relative to the ground in 
Eq. 13: 
    ∫   ̈   
  ̇ 
 
 
 
 
Eq. 13 
The strain energy of the system    is the sum of the energy of the energy dissipated 
on yielding and the recoverable strain energy of the system on Eq. 14:  
   ∫      
   
 
 
 
 
Eq. 14 
For the viscous damping energy    on the system is the energy dissipated by the 
viscous damping, which defined as Eq. 15:  
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   ∫   ̇  
 
 
 ∫  ̇   
 
 
 
Eq. 15 
The energy dissipated by yielding    is denoted as Eq. 16:  
   ∫   (   )̇  
 
 
   ( ) 
Eq. 16 
To divert part of input energy to designated devise or dampers, the energy balance 
equation with the ordinary structure can be written as:  
 
            
Eq. 17 
The energy balance equation of the structure with dampers which is:  
               
Eq. 18 
 
2.4 Incremental Dynamic Method 
 
Incremental dynamic analysis (IDA) is an emerging computational analysis method 
that has recently emerged in several different forms to estimate more thoroughly 
structural performance under a scaled suite of seismic loads. It involves subjecting 
the structural to several ground motion records, each scaled to multiple levels of 
intensity, thus producing several curves of response parameterized versus intensity 
level. It can be show the results of probabilistic seismic hazard analysis in order to 
estimate the seismic risk in the structure. At the core of Performance-Based 
Earthquake Engineering (PBEE)[53, 62, 63, 66, 67] lies the accurate estimation of the 
structure performance is one of the important issue. The concept of seismic load 
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scaling had been formerly introduced by few researchers [68-70]. An important issue 
in performance-based earthquake engineering is the estimation of structural 
performance under seismic loads, in particular the estimation of the mean annual 
frequency (MAF) of exceeding a specified level of structural demand (e.g., the 
maximum, over all stories, peak interstory drift ratio     ) or a certain limit-state 
capacity (e.g., global dynamic instability). A promising method that has recently 
risen to meet these needs is incremental dynamic analysis (IDA), which involves 
performing nonlinear dynamic analyses of the structural model under a suite of 
ground motion records. IDA can estimate the seismic demand or a certain limit-state 
capacity for the structure from elastic to inelastic and finally to global dynamic 
instability by using a series of nonlinear dynamic analysis.  In 2001, Vamvatsikos et 
al [71] well documented and introduced  a computational-based methodology which 
can predict the structure performance under seismic loads called Incremental 
Dynamic Analysis (IDA). The paper introduces the fundamental concepts of IDA 
and shows the properties of the IDA. In addition, the paper summarizes techniques 
for multi-record IDA studies and the association of the IDA study with the 
conventional static pushover analysis and the yield reduction          are 
discussed. A detail example and application of IDA method is also presented Also, 
application of IDA to performance-based earthquake engineering (PBEE) has been 
presented [72, 73].   
 
Early 2000’s, Nicolas et al [69] summarized from several research, for the IM values, 
  (  ) is both “efficient “and “sufficient”.    (  ) denoted as the spectral acceleration 
at the fundamental period of the given structure with a 5% damping ratio, is the 
monotonic scalable ground motion intensity measure also called accelerogram or 
Intensity Measure (IM) as the vertical axis. A detail example and methodology of 
   (  ) reported [69]show   (  ) is more “efficient” than the other monotonic scalable 
ground motion intensity measure (IM) choice, for instance, peak ground acceleration 
(PGA).  . Another research [74] described the IDA curves can be analysed through 
OPENSEES [75, 76].  
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2.5 OPENSEES  
 
The pacific Earthquake Engineering Research Center has undertaken the 
development of the Open System for Earthquake Engineering Simulation 
(OPENSEES) to address the challenges. The challenges encompass the needs for 
research in analysis and simulation, improved technology for structural analysis 
software and education of students and design professionals in structural analysis 
advances. The OPENSEES software is called a frame work because it is an integrated 
set of software components used to build simulation applications for structural and 
geotechnical engineering problems. OPENSEES is not a “ Code”, by the usual 
definition of a program[75, 76], to solve a specific class of problems. Rather it 
involves a set of classes and objects that represent models, perform computations for 
solving the governing equations and provide access to databases for the processing 
of results. As its most fundamental level, OPENSEES can be viewed as a set of 
objects that are accessed through a defined application program interface (API). The 
framework was designed using object-oriented principles, and is implemented in 
C++, a widely used object-oriented programming language. The development of 
OPENSEES is open-source, meaning that all versions of the program, 
documentation, examples, are available on the website [77] for researchers, 
professionals and students interested in using and contributing to the software.  
 
2.6 Benchmark Nonlinear Structures  
 
The seismic response performance of the nonlinear structures has been proposed by 
a number of researchers [78-81].  In 1999, [82] discussed under seismic loading the 
performance of vibration controlled with nonlinear steel structures..  However, some 
aspects remain interesting for discussions of different researchers with different 
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structures and different criteria. A 20-storey moment-resisting steel frame example 
building, designed for the seismic hazard in Los Angeles, has been used in the SAC 
studies to assess the performance of steel moment-resisting frame[83]. In 2004, 
[1]proposed the three benchmarks steel structures. The 3-, 9- and 20- storey steel 
structures were designed by Brandow & Johnston Associate for the SAC Phase II 
Steel Project. These three buildings were designed meet the seismic code.  Detail 
information of these three low-, medium- and high-rise buildings were shown in [1]. 
The application of upper toggle brace into the benchmark structure is presented in 
Chapter 5.    
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Chapter 3 Parametric 
Studies of Passive Energy 
Dissipation in Low-rise 
Structures  
3.1 Introduction  
 
This chapter [84] presents a study into the effectiveness of passive energy dissipation 
systems in low-rise structures built on soft soil sites subjected to ground motions. In 
this technique designated energy dissipating devices (EDD) are installed in the 
structure such that a portion of the energy originated from ground shaking is 
diverted to. This chapter focuses on displacement-based EDD whose response is 
highly nonlinear. The governing equations of a multi-degree of freedom lumped-
mass model with force-displacement nonlinearity described by the Bouc-Wen model 
are presented. Two parameters, namely the brace-EDD assembly to frame stiffness 
ratios    and the yield drift angles    are identified to be influential and a parametric 
study is carried out using response history analyses. Results indicate that     plays 
an important role on overall structural response, with an increase in     generally 
result in more desirable performance. On the contrary     plays a less significant role. 
Results presented in this study give an insight into the preliminary selection of EDD 
and brace properties. This chapter investigated the effect of application of a 
displacement-based EDD system on typical low-rise building structures built on 
soft-soil sites. A steel and a reinforced concrete low-rise structure are chosen as 
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parent structures for study. Parameters studied include the stiffness ratio of device-
brace assembly, and yield storey drift angle. The conclusion of this chapter identifies 
important parameters in the design of dissipating systems and provides us with 
insights into effectiveness.   
 
The usefulness of supplementary energy dissipation devices is now quite well-
known in the earthquake structural engineering community for reducing the 
earthquake-induced response of structural systems. This project shows the effective 
of the passive energy dissipation systems in low-rise structures built on soft soil sites 
during the earthquake. The Energy Dissipation Devices (EDD) is made by the 
metallic damper, which will be the investigated in this project. The Energy 
dissipation Devices (EDD) is installed inside the structure and located at the centre 
of beam, also an inverted V- brace placed in the structure which dissipate the a 
portion of energy transfers from ground movement during earthquake. In this study, 
Results are obtained from on MatLab simulation by two different structural 
materials. According to the six strong earthquake histories of magnitude 6 or above, 
corresponding to similar site classification condition is applied to the simulation. The 
majority of displacement of the structure shows the relationship in between the 
brace-EDD assembly to frame stiffness ratio    of the EDD and Yield Drift Angle ry. 
Base on the result, the base shear of the displacement graph can find the stiffness 
ratio    plays a more important role than the yield drift angle    in the entire 
structural response. The increase of brace-EDD assembly to frame stiffness ratio 
   would achieve a better desirable structure performance. Building installed with 
nonlinear hysteretic devices, the computation of the seismic structural response and 
performance must be performed by time history analysis such as yielding metallic 
elements. For such energy dissipation devices, this study presents the procedures for 
various parameters of these nonlinear energy dissipation designs. In this study, 
results present the basic study of preliminary selection of EDD and brace properties. 
It is noted that some research works and results described in this chapter were 
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carried out before the official commencement date of the approved research 
program.    
3.2 Modelling of nonlinear behaviour of displacement-based 
 
Model description and solution strategy 
 
In this study, two      ,          building frames are selected as parent 
structure. Frame-C corresponds to a typical reinforced-concrete flat slab structure 
whose details are shown in Figure 5. Lateral stiffness is assumed to be contributed 
by columns only. The frame supports an area of       (        column grid) on 
each level. Floor to floor distance is       columns are           cross-section. 
Floor weight (dead and live load) is assumed to be        , resulting in        on 
each level. Frame-S corresponds to a typical light weight steel moment-resisting 
frame, as shown in Figure 6.  Beams are           and columns are          . It 
has identical floor area, bay width and heights, but a smaller distributed load 
of        corresponding to its lighters self-weight.  
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Figure 5 Typical reinforced-concrete flat slab structure 
 
 
Figure 6 Typical light weight steel moment-resisting frame 
 
For both frames the mass, stiffness and damping on each level are assumed equal. 
Rayleigh proportional damping of    and    of the first two modes are assumed 
for Frame-S and Frame C respectively. Dynamic properties of the parent frames are 
summarized in Table 1.  
Table 1: Dynamic properties of the parent frames 
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To establish the governing equations, consider a SDOF model depicted in Figure 6 
and Figure 7.  Its lateral resilient force using a bilinear approximation is shown in 
Figure 7. The nonlinear numerically simulation was carried out by Matlab[85].  
 
 
 
Figure 7 Resilience behaviour of brace-device-structure assembly 
 
The stiffness   of a body is measured by the length of elongation of body against the 
apply force; usually it will be expressed as Force divided the length of elongation. 
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Figure 7 is the force vs. elongation chart which shows the elongation of different 
parts in the system under certain pressure, also the behaviours and yield point of the 
parental frame, brace and EDD, and the complete system. Base on the behaviour of 
material, it can be defined into two different regions: elastic and inelastic 
deformation which divides by the yield point. There are three different lines which 
representing the physical behaviours of material, as show in Figure 7. 
 
   denotes lateral stiffness of parent frame prior to addition of brace and device. 
Lateral stiffness of EDD and brace is denoted by    and    respectively.     denotes 
as the combine stiffness of the brace and EDD. It can be obtained by considering the 
contribution in stiffness    from the metallic device and the stiffness     added by the 
bracing. Since the stiffness of two different parts are connected in series, their 
resultant stiffness is given by Eq. 19, 
 
    
 
 
  
 
 
  
 
    
     
 
Eq. 19 
 
    represents the yield displacement of the parent structure. Post-yield stiffness of 
EDD will result in a small post-yield stiffness in the device-brace assembly    . Prior 
to initial yield, the total stiffness of the complete system can be obtained by the 
addition of the frame and device and device-brace stiffness, i.e.         .  Second 
stiffness ratio   after yielding of the device is given by Eq. 20,  
 
  
  
      
 
Eq. 20 
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To express the brace and device stiffness in terms of storey stiffness, a stiffness-ratio 
   in Eq. 21 is defined [36]: 
 
   
    
  
 
 
 
   
Eq. 21 
   , is a non-negative parameter and total elastic stiffness becomes     (    ). 
Yield displacement of complete system    equals yield displacement of device-brace 
assembly. Yield strength of the complete system is expressed as Eq. 22: 
 
          (    )   
Eq. 22 
Consequently, the yield strength and displacement of the storey installed with an 
EDD is completely defined by three parameters:       and   . It should be noted that 
in this formulation, yield displacement of parent structure      is assumed to be 
much larger than yield displacement of the complete system     and the structure is 
not excited beyond    . i.e. all inelastic response is concentrated in EDD’s. This 
assumption is valid for most metallic EDD’s which are designed to yield under small 
displacements.  
 
Yield displacement of the complete system     is related to device yield 
displacement      in Eq. 23 by: 
   
  
   
    
Eq. 23 
In seismic retrofit scenarios,    of the existing building can be estimated, while    
and    are choices of the engineer. To model nonlinearity of metallic devices[86], the 
continuous Bouc-Wen model [87] is commonly used by researchers. In this model, 
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the device’s hysteretic response can be simulated by a single equation that governs 
both the elastic and inelastic regimes under cyclic loading. Another feature of this 
model is that hysteretic behaviour is represented by a differential equation that can 
be coupled with the equations of motion of the structure. The resorting force   ( ) 
developed in the energy dissipation device can be divided into an elastic part and a 
hysteretic part, as follows: 
 
  ( )    ( )    ( ) 
Eq. 24 
where   ( ) and   ( ) represent the elastic and hysteretic components of the 
restoring force. The Bouc-Wen model states that the hysteretic component can be 
simulated by the inclusion of a variable  . The restoring force is expressed as: 
 
  ( )      ( )  (   )   ( )   
Eq. 25 
where   is the ratio of the post-yield stiffness to the pre-yield stiffness,    is the pre-
yield stiffness of the model,  ( ) is the displacement, and  ( ) is a non-dimensional 
variable with hysteretic properties.      and  ( ) are the properties of the device 
that will require calibration from the experiments. The non-dimensional  ( ) can be 
interpreted as a normalized hysteretic force, and it is defined by a first-order 
nonlinear differential equation in the following form: 
 
  
  
          ( ̇ ) | |  
Eq. 26 
The model parameters       and   control the shape of the hysteresis, and    . 
At    , 
  
  
   . This implies that   is the slope of hysteresis at zero crossing. If the 
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value of  
  
  
 is required to equal unity at    , then   . By choosing yield 
displacement    (   )
 
 ⁄ , equation [8] can be rewritten as: 
 
  
  
            ( ̇ ) |
 
  
|
 
 
Eq. 27 
The first derivative of   with respect with time can be obtained by 
  
  
 
  
  
  
  
, i.e.: 
   ̇ {           ( ̇ ) |
 
  
|
 
} 
Eq. 28 
 
In particular,   controls the sharpness of the transition between the elastic and 
plastic regimes. By choosing    , the model approaches the bilinear model. The 
Bouc-Wen model is completely defined by four parameters: elastic stiffness  , post-
yield stiffness ratio  , yield displacement of the device   , and the shape controller  .  
Lumped-mass models of 3-storey structure with equipped with energy dissipation 
system is shown in Figure 8.   denotes the displacement with respect to the ground 
in the x-direction, and    is the displacement of the ground relative to its original 
position. Each level is characterized by mass , stiffness  , and damping   lumped 
on each storey. In this study damping ratio of the first two mode is assumed equal, 
with      and      for the steel frame and the concrete frame respectively. 
Rayleigh damping [58] is used in the construction of the damping matrix. 
 
  57 Author: Zhefei  Zhao 
 
 
Figure 8 Three-degree-of-freedom system 
 
From Eq. 11, the equation of motion in matrix form is expressed as: 
 
     ̈       ̇                          ̈      
Eq. 29 
where         and      are     matrices of the system’s mass, damping and 
stiffness,     is a vector containing the displacement of each degree of freedom 
relative to the ground,     is an     influence vetor, and  ̈  is the ground 
acceleration. A state variable vector is declared         ̇     , such that   ̇  
  ̇  ̈  ̇  . Equations of motion in the state-space format are solved in MATLAB with 
the Runge-Kutta algorithm (ode45). 
 
{
 
 
 ̇
̈
̇
}  [
 
      
 
 
 
        
         ⁄  
     
 
     
 
 ] {
 
 
 
̇ }  [
 
   
 
]     
Eq. 30 
Selection of earthquake histories 
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Six strong earthquake histories of magnitude 6 or above corresponding to site 
classification E of ASCE7-05 [13] are selected from The Pacific Earthquake 
Engineering Research Centre (PEER) Strong Motion Database [88]. The expression of 
Magnitude also called Richter magnitude scale refers to a number of ways to assign 
a single number to quantify the energy contained in an earthquake. In all cases, the 
magnitude is a base-10 logarithmic scale obtained by calculating the logarithm of the 
amplitude of eaves measured by a seismograph. The PEER database includes a very 
large set of ground motions recorded in worldwide shallow earthquakes in active 
tectonic regimes. An earthquake that measures 6.0 on the scale has a shaking 
amplitude    times larger and corresponds to an energy release of square root of 
            times greater than one that measures    . The normally description of 
magnitude 6 is strong and can be destructive in areas up to about                
across in populated areas. And it felt by all the people active in that regime, many of 
them frightened and run outdoors. Some heavy furniture moved. Fallen plaster and 
damaged chimneys. Two structures in this project are built on soft soil sites which 
have the similar soil classification with the selection earthquake histories. This 
classification corresponds to clay or soft soil condition of which the average shear 
wave velocity is less than        at depth of    . There are two groups of the 
earthquake time histories. The top three in the   
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Table 2 are stronger than the rest. Two types of the earthquake time histories can 
most easily to define the structures performance. Details of selected histories are 
listed in   
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Table 2and their response spectra are shown in Figure 9.  
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Table 2 Selected earthquake time-histories 
Earthquake 
Magnitude 
(M) 
Record ID PGA (g) 
1999, Chi-chi, Taiwan 7.6 P1143 0.639 
1995, Kobe, Japan (a) 6.9 P1056 0.694 
1995,  Kobe, Japan (b) 6.9 P1057 0.616 
1989 Loma Prieta, USA 6.9 P0753 0.274 
1979 Imperial Valley, USA 6.5 P0175 0.266 
1999 Kocaeli, Turkey 7.4 P1086 0.249 
 
Last column of   
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Table 2 is Peak ground acceleration (PGA) that is a measure of earthquake on the 
ground and an important input parameter for earthquake engineering. It is not a 
measure of the total energy of an earthquake like magnitude, but rather of how hard 
the earth shakes in a given area. PGA records the rate of change of speed of these 
movements, while peak ground velocity is the greatest speed reached by the ground, 
and peak displacement is the distance moved. These values have the different 
number in different earthquakes, and in differing sites within one earthquake event, 
depending on a number of factors. PGA is expressed in  ,    equals to         . 
 
It can be observed that in Figure 9 there are two peak responses- one in short periods 
from      to      second, and another in longer period (at about   second). Figure 10 
show the normalised base shear induced onto the parent frames (without brace or 
EDD) by the selected earthquake histories. Base shear force is an estimate of the 
maximum expected lateral force that will occur due to seismic ground motion at the 
base of a structure. Calculations of the base shear depend on several factors such as: 
soil conditions at the site, proximity to potential sources of seismic activity (such as 
geological faults), probability of significant seismic ground motion, the level of 
ductility and over strength associated with various structural configurations and the 
total weight of the structures and the fundamental period of vibration of the 
structure when subjected to dynamic loading. Base shear induced onto the concrete 
frame is significantly larger, due to its larger weight and stiffness. It is clear show the 
histories produce very different amount of base shear. In particular, the two selected 
Kobe histories induced the largest base shear among all. Base shear induced onto the 
concrete frame is significantly larger, due to its larger weight and stiffness. It is clear 
that these histories produce very different amount of base shear. In particular, the 
two selected Kobe histories induced the largest base shear among all.  
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Figure 9 Response spectra of selected time histories 
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Figure 10 Comparison of base shear exerted on parent frames 
 
3.3 Parameter studies with nonlinear structures  
 
Parametric Study 
 
Parametric studies using the Frame-C and Frame-S as parent structures enhanced 
with the same energy dissipation device are carried out in MATLAB. Parameters 
under study are stiffness ratio of brace-device assembly stiffness compare with the 
stiffness of the parent frame    and yield drift angle    and their range is listed in 
Table 3. 
Table 3 Values of parametric study 
Parameter Values 
                              and     
       ⁄      ⁄      ⁄  and     ⁄  
 
   is defined as a yield angle which is equal to    ⁄  where   is the storey height. 
Storey drift angle       ⁄  is typically regarded as serviceability limit state of steel 
structures under wind action [89], while for concrete frame structures serviceability 
limit for   is     ⁄  [90], the earthquake design code of Australia [91] specifies the 
maximum allowable drift ratio is       under the solution strategy described in the 
previous section. Average results from six earthquakes histories are reported here. 
Specific observations are described below.  
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Effect of stiffness ratio of brace-device assembly stiffness compare with the 
stiffness of the parent frame “  ” 
 
Effect of    on base shear is plotted on Figure 11 for Frame-C and Figure 12 for 
Frame-S. The base shear has been normalised to the average value obtained on an 
uncontrolled parent structure (i.e. the parent frame without the brace and device). 
For Frame-C, base shear tends to reduce with an increase of    . The rate of change 
decreases significantly once    reaches    , where normalised base shear drops to 
about    . It eventually drops to about     when    reaches    .    is increasing in 
stiffness to the parent structure, and it can be interpreted as the additional materials 
used in the seismic retrofit (i.e. cost related). It appears that        is an economical 
choice which gives reasonably good reduction to base shear. For Frame-S, small 
values of    tend to increase base shear, indicating the increase in stiffness has 
attracted additional force to the system. This finding shows that addition of brace 
and device does not necessarily improve seismic response. When    increases 
beyond    , base shear starts to diminish, and falls to approximately     when    
reaches    .  
 
Figure 11 Effect of    on base shear response 
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Figure 12 Effect of    on base shear response 
In summary, the effect of yield angle for both Frame-S and Frame-C are insignificant 
in complete system. The stiffness ration     plays the major role for force reduction. 
But the behaviours in both Frame-C and Frame-S are completely different. Also, the 
stiffness ratio can be interpreted as the increase in stiffness to the parent structure, 
and it’s related to the amount of additional materials added. In reality, an 
economical choice which gives reasonably good reduction to normalized base shear 
and increase the strength of the structure. 
 
Effect of    on each storey horizontal displacement is showed in Figure 13 for Frame-
C and Figure 14 for Frame-S. For comparison, the storey displacements of the parent 
structure as well as the earthquake drift limit of AS1170.4 [91] are shown. For Frame-
C, it is clear that increase in    progressively reduces storey displacement. All the 
displacements are satisfied the Australian standards limit. When the stiffness ratio 
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   is less than 0.75 the displacement in upper level increase a lot in all different 
yielding angel. Response for Frame-S is however, less straightforward. When    is 
less than      , the displacement response exceeds those of the uncontrolled frame. 
This is consistent with previous observation on base shear that small values of    is 
undesirable to Frame-S. This is due to the shift of vibration frequency to dominating 
frequency of the earthquake histories. When    increases beyond     , displacement 
begins to reduce. That means changing of the yielding angel do not effect too much 
of the displacement in both frames. 
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       ⁄  
Figure 13 Frame-C averaged displacement response 
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       ⁄  
Figure 14 Frame-S averaged displacement response 
 
 
 
Effect of yield drift angle “  ” 
 
The effect of yield drift angle    on base shear can be illustrated from Figure 11 and 
Figure 12. For both frames, effect of    is not significant especially when    is small. 
When    approaches approximately 0.5 for Frame-C (or 0.7 for Frame-S), effect of    
becomes more apparent: a smaller   ratio tends to decrease base shear. It could be 
explained that a small    ratio indicates the frame enters into inelastic range in a 
lesser storey drift, in which stiffness drops and consequently reducing base shear 
exerted on the structure. However, comparing to the effect of    , base shear is less 
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A decrease in the ratio   tends to increase storey drift. It is due to the fact that the 
system response more in its inelastic region. Similar results can be found from 
Frame-C, although less obvious as the system response nearly as an elastic oscillator. 
 
Figure 15 Storey displacement for Frame-S 
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capacity for ductile behaviour. Ductility demand on each level can be computed 
from the calculated storey displacement divided by yield displacement    
(       )     ⁄ . Figure 16 Figure 16 Storey ductility demandshows the storey 
ductility demand for various device yield displacement against     .  
 
For both frames, ductility demand is largest in the bottom level, and decreases on 
upper levels. An increase in    significantly reduces ductility demand for obvious 
reasons. In particular, in Frame-C,    increasing is letting the ductility demand 
decrease in all cases. The rate of decrease clearly reduces as    reaches about 0.5. This 
observation is again consistent with previous conversation in base shear response. 
For Frame-S, ductility demand increases with small values of   , and start to 
decrease with    reaches about    . Ductility demand reaches values as high as    
when yield drift is set to a small value of      . 
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Frame-S:        ⁄  
Figure 16 Storey ductility demand 
 
  
0
2
4
6
8
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
S r
m
Level 1
Level 2
Level 3
  78 Author: Zhefei  Zhao 
 
3.4 Conclusion  
 
This chapter presents a numerical investigation into the effect of passive energy 
dissipation technique as applied to low-rise building structures built on soft-soil 
sites. Investigation on retrofit situations where parent structures are retrofitted with 
displacement-based passive energy dissipation devices. The devices are assumed to 
be supported by a brace system which is independent from the structures’ gravity-
load-resisting system. Formulation of resilient force based on the well-known Bouc-
Wen model is presented. Two parameters which influence the earthquake responses 
of the retrofitted system are identified, namely the device-brace assembly to frame 
stiffness ratio     and yield drift angle     . These two parameters are fully controlled 
by the designers by adjusting brace and device stiffness, and the yield displacement 
of the device. 
 
Based on the parametric study presented, the following observations are made: 
 
1. The device-brace assembly to frame stiffness ratio    plays an important role 
in the overall earthquake response. An increase in    generally reduces base 
shear exerted by the structure, and also reduces displacement response. For 
the particular parent frames and earthquake histories studied, a value of 2.0 
may reduce base shear by 40%; 
 
2. As a result of (1) the displacement-based device must be supported by a stiff 
brace, for example an inverted-V brace made of strong hollow sections; 
 
3. For flexible parent frames (e.g. steel moment resisting frames) an increase in r 
S may attract additional base shear and magnify displacement response. As a 
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result earthquake retrofits must be designed with due consideration to design 
earthquake characteristics; 
 
4. Decrease in yield drift angle    will increase storey response displacement, as 
the structure response more into its inelastic range; 
 
5.    is less sensitive to reduction of base shear; and 
 
6. Ductility demand of frame is strongly affected by    and   . Generally an 
increase in    decreases ductility demand and an increase of    reduces 
ductility demand significantly.  
  80 Author: Zhefei  Zhao 
 
Chapter 4 An Upper 
Toggle-Brace-Damper 
System 
4.1 Introduction  
 
The objective of utilizing dampers is to reduce structure responses and to mitigate 
damage or collapse of structures from severe earthquakes by dissipating a portion of 
input energy. As a successful application, installation of dampers in an existing 
building structure, which does not possess sufficient lateral stiffness, enables control 
of the story drift within the required limitation and maintains its desired functions 
during an earthquake event. In conventional construction, earthquake-induced 
energy is dissipated in components of the gravity and lateral-load-resisting system. 
The action of dissipation energy in framing such as beams and joints in a moment-
resisting frame produces damage in those components. Repair of such damage after 
an earthquake is typically expensive and often requires evacuation of the building 
while repair work on the gravity system is undertaken.  
 
The objective of adding energy dissipation device to new or existing building is to 
dissipate much of the earthquake-induced energy in disposable elements not 
forming part of the gravity framing system. Key to this philosophy is limiting or 
eliminating damage to the gravity-load-resisting system. Although testing and 
perhaps replacement of all supplemental damping devices in a building should be 
anticipated after a severe earthquake, evacuation of the building for repair might not 
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be necessary and the total repair cost will likely e minor compared with the costs 
associated with repair and business interruption in a conventional building.  
 
The height wise variation in ductility demands on multistorey buildings depends, in 
part, on the relative yield strengths of the various stories.  Soft-storey mechanism is 
characterized by a sudden reduction of lateral stiffness in one or more levels of a 
structure. Soft-storey is often observed in the ground level due to the absence of wall 
or cladding. With recent develop of energy dissipation systems, soft-storey 
mechanism can be corrected by addition of a damper-brace assembly. In particular, 
this paper investigates the effect of toggle-damper-brace systems on such situations. 
Governing equations including the magnification factor and lateral stiffness 
contributed by a toggle-damper-brace are formulated. It was found that a toggle-
damper-brace system, if proportioned correctly, will significantly increase the travel 
in the damper and overall stiffness of structure can be enhanced. An illustrative 
example is presented using nonlinear time history analysis implemented on 
MATLAB[85]. 
 
On the other hand, a very widespread structural problem is characterized by the 
absence of claddings or walls at the ground floor while they are present in upper 
levels. It causes a sudden reduce in stiffness in the ground level. It’s commonly 
termed “soft-storey”. This configuration permits good use of the ground floor space, 
but in structural point of view it is undesirable. Large lateral load may cause 
significant rotation ductility demand at the extreme sections of the columns of the 
first storey, while the superstructure behaves like a quasi-rigid body (Figure 1). Soft-
storey failure is commonly observed in earthquake damages, claiming significant life 
and economical losses. Conventional strengthening approach often involves 
addition of braces to ground level such that the lateral stiffness is increased. In this 
approach, however, the braces occupy the spaces disturb normal use of the space, 
such as car parks or retail space, etc. 
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Soft-storey mechanism is a common problem observed in many historical 
earthquake events. It is characterized by a “soft-storey” which the horizontal 
stiffness of a particular storey is significantly smaller than the rest of the structure. 
When a strong earthquake hits the large shear force exerted on superstructure causes 
plastic rotations in columns, subsequently causes collapse of the soft-storey. This 
chapter investigates the use of toggle-damper-brace system as a mitigation measure 
to soft-storey buildings. Governing equations of such system are presented in this 
paper. It was found that a toggle-damper-brace system, if proportioned correctly, 
will significantly increase the travel in the damper and overall stiffness of structure 
can be enhanced. A numerical example of a single storey structure retrofitted by 
addition of toggle-damper-braces is presented 
 
4.2 Mechanisms of the upper toggle-brace-damper system 
 
The main purpose to connect a damper to a toggle-brace is to magnify the 
displacement travelled in a damper. The configuration has been investigated by a 
number of researchers [50, 52, 92] and application in the US has been reported [50]. 
An upper toggle configuration is investigated[56] and presented in this chapter as 
shown in Figure 17. Consider a single storey frame of dimension    , the 
configuration is characterised by a lower brace of length   , and an upper brace of 
length   . The lower brace forms an angle   with respect to the ground. To maximize 
usable floor space, we shall limit our study with   greater than 45 degrees. For a 
given building dimension, geometry is completely defined by    and  . The damper 
is supported between the eave and toggle brace intersection . Upon horizontal 
displacement of   in the superstructure (Figure 18:The Toggle-Brace-Damper system 
configuration---Horizontal displacement of   in the superstructure ) the lower brace undergoes 
a clockwise rotation   together with the change in position of brace intersection   
to  . It will cause an axial deformation of damper. In this regard, displacement-
based passive energy dissipater which operates in axial movement will be suitable, 
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for example the Buckling-restrained Lug [35]which relies on plastic deformation of a 
steel bar under axial movement.  
 
 
Figure 17 Upper toggle configuration 
 
Figure 18:The Toggle-Brace-Damper system configuration---Horizontal 
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displacement of   in the superstructure 
 
 
Generally, benefits of toggle-brace-damper system include: 
 
1. Damper increases effective damping of structure, hence it suppresses 
vibration magnitude and base shears; 
 
2. The toggle arrangement magnifies damper travel; and 
 
3. The toggle arrangement maximizes usable space which is architecturally 
attractive. 
4.3 Parametric studies [93] and Geometric Design Steps of an Upper Toggle-
Brace-Damper System[94] 
 
With recent develop of energy dissipation systems, soft-storey mechanism in this 
part presents a parameter study on configuration of toggle-brace-damper as a 
passive energy dissipation system in retrofitting soft-storey structure The 
relationship between magnification factor and the geometry of structure are 
determined.  The optimal geometrical design of toggle-brace mechanism is 
discussed. Nonlinear time history analyses are carried out on selected brace 
configurations in OPENSEES. Results are presented in this study provide an insight 
into the preliminary selection of base structure geometric design[94]. In particular, a 
comprehensive economical design steps has been finally performed. In this section, 
the study focus on the parameter studies of retrofit the existing soft-storey 
mechanism steel structure with an upper toggle-brace-damper system. 
 
Difference geometry scale factors have been evaluated for use with the viscous 
damper in parameters studies. The results of these studies shows that the 
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magnification factor of the upper toggle-brace-damper systems is highly dependent 
on the choice of the angle between beam to the leg of brace, the length of brace and 
length to width scale.  In this study, viscous damper is applied to control a single 
soft-storey structure. The geometry of the upper toggle-brace-damper system in 
existing soft-storey structure is upgraded based on the parameters studies result. 
The results demonstrated that geometry of the toggle-brace-damper system 
geometry size selects from the parameters studies can achieve better performance 
levels. This upper toggle-brace-damper system can be used 51% space more than the 
other toggle-brace-damper system and 21% material less than the other, but the 
displacement and drift angle of the structure are reduced significantly, as shown by 
the result values of the performance criteria. The purpose of this chapter is to present 
a parameter studies and find out a simply design steps that can be used to design the 
soft-story structure to resistance the soft-soil seismic force. Case studies are 
presented to verify the accuracy of the proposed method in OPENSEES. 
 
In this study, one      ,          frame structure is selected to do the 
simulation. A soft-storey steel structure with an innovation upper toggle-brace-
damper system shown in Figure 19. The steel structure setup as follows: story height 
    ; bay width     ; columns          ; beam          ; Lateral stiffness of 
structure prior to addition of  braces is estimated to          . Lateral stiffness is 
assumed to be contributed by column only.    of Rayleigh damping ratio in the 
structure. Detail properties of the steel frame structural are summarized in Table 4: 
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Figure 19 Steel structure with an innovation upper toggle-brace-damper system 
 
Table 4 Detail properties of the steel frame structural  
Material Beam Column  Damper 
ks 
(     ) 
Steel                        
Viscous 
damper 
     
 
To governing equations, consider the model as a SDOF model. A soft-storey steel 
structure enhanced with an innovation upper toggle-brace-damper system shown in 
Figure 20. Height and span is   and  . Two identical frames called lower brace    and 
upper brace   . The angle between lower brace and ground is   .    is the angle 
between upper brace leg    and column and it can been determine from   ,  ,   and 
    Assuming the brace elements are axially stiff, the damper and the braces 
connection will move the change in damper length    can be determined 
from       and displacement  . 
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Figure 20 The toggle-brace-damper system configurations 
 
From Figure 20, it can show that the damper displacement    can be expressed as 
functions of storey displacement   and brace angles       , 
 
   (
     
    (     )
)   
Eq. 31 
  
Also, the brace angle    can be expressed as, 
 
      
  (
         
         
) 
Eq. 32 
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The magnification factor   is defined as the ratio between the change in damper 
length and the horizontal displacement superstructure with respect to the ground.  
Therefore, the upper toggle-brace-damper system magnification factor is obtained as 
Eq. 33 , 
  
  
 
 
Eq. 33 
Governing Eq. 31 , Eq. 32 and Eq.33 then simplify it, the following equation will be 
presented, 
 
  
     
    [        (
 
  
  
      
  
  
      
)]
 
Eq. 34 
From Eq. 33, it is easy to find that the magnification factor   adopted in this study is 
affected by the geometry        and   .  
 
As shown in Eq. 33, four parameters lower brace length   , storey height  , span   
and angle     will affect the magnification factor  . While   and   are normally 
determined by building geometry for the existing building or architecture,    and     
are freely selected by design engineer. As a result from Eq. 33 , the parameters being 
studied are     ratio,       ratio and angle    .   
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Table 5 lists the numerical values being analysed. 
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Table 5 Values for parametric studies 
Parameter Values 
      ratio 0.1-1.2 
     ratio 
  
 
 (              ) 
  
  
(              )     
  
  
 (             ) 
Angle              
 
To study the dynamic behaviour of a soft-storey steel structure with an upper 
toggle-brace-damper system, a parametric study is performed using nonlinear time-
history analysis. For illustrative purpose, a single direction ground motion is 
applied. The input ground shaking is a scaled Earthquake obtained from PEER 
Strong Motion Database [88].  Five historical ground histories are selected from 
PEER Strong Motion Database. Except the 1940 Imperial Valley Earthquake, all time 
histories are selected from classification corresponds to clay or soft soil.   
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Table 6 shows five selections to clay or soft soil ground motion records.  Nonlinear 
time history analysis is implemented by numerical integration on OPENSEES. 
OPENSEES is a software framework for developing applications to simulate the 
performance of structural and geotechnical systems subjected to earthquakes. 
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Table 6 Ground motion Records Subjected for Parametric Studies 
Ground Motion Peak Accel. [g] 
Peak Vel. 
[cm/s] 
Peak Displ. [cm] 
Imperial Valley 
1940/05/19 (Benchmark) 
0.313 29.8 13.32 
Imperial Valley 1979/10/15 0.266 46.8 18.92 
Chi-Chi, Taiwan 1999/09/20 0.18 67.5 40.97 
Kobe 
1995/01/16 
0.611 127.1 35.77 
Loma Prieta 1989.10/18 0.274 53.6 12.68 
 
Effect of     ratio 
 
The effect of     ratio on the magnification factor can be illustrated from Figure 21 
(a), (b), and (c). Three     ratios, angle   ,    ⁄  ratio and magnification factor f have 
been presented. Increases of b/h ratio tend to decrease the magnification factor  .  
Inspecting the figures, the ratio of     is determined by architecture or existing 
building, smaller    ⁄  ratio and angle   , will have a higher magnification factor  , 
which means smaller maximum displacement.  
 
The figures below are presented the relationship between different     ratio, 
   ⁄  and angle   . Once the ratio of     is determined,    and     can be selected in 
this figure along with the ration    ⁄  . Then the magnification factor   can be easy to 
estimate from the figure without any calculation. 
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(a):
 
        , relationship between    ⁄  and angle   
 
(b):          , relationship between    ⁄  and angle    
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(c):          , relationship between    ⁄  and angle   
Figure 21 Magnification factor    ⁄  and angle    
 
Effect of     ⁄ ratio 
 
Effect of     ⁄ ratio to displacement is plotted on Figure 22.  The displacement tends 
to increase with an    ⁄  ratio increase. The displacement is not responsive when 
   ⁄   ratio located in between           . However, it significantly increases once ratio 
reach    , where displacement sudden up about      If the storey height h is a 
constant, a smaller    can be selected from the design engineer to reduce storey 
displacement.  It appears that     ⁄ ratio in between            is a reasonable choice.  
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Figure 22 Relationship between maximum displacement and     ⁄ ratio 
 
Effect of angle    
 
The effect of angle    and maximum storey displacement is illustrated in Figure 23. 
The range of     studied is between           . As the angle    increases, the 
maximum storey displacement also increases. Once    approaches    ., storey 
displacement tends to increase more rapidly. Base on numerical experiments, the 
optimum selection of angle    is in between           . 
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Figure 23 Effect of    on maximum storey displacement 
 
Geometry Design Step 
 
A design step, base of the height   and span  , to compute the magnification factor   
and the size of toggle bracing design are presented herein.  These ratios affect the 
magnification factor and thus maximum storey displacement. The magnification 
factor f can be estimated without calculation. The design step, which takes into 
account the soft-stories structure, is summarized below: 
 
1. Determined the structure story height h and span     ratio. Then select the 
    ratio figure. (i.e. Figure 21 (a), (b),(c)) 
 
2. Base from the figure chosen from step 1, select an upper toggle-brace-damper 
system lower brace to story height    ⁄   ratio and the angle   . 
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3. Obtain magnification factor  .  
 
4. Substitute  , put into Eq. 33, which can calculate the storey displacement   
directly.     
 
This parameter studies shows that the proposed design step can predict and easy to 
find out the magnification factor  , and then calculate the storey displacement   
directly.  
 
Case Study 
 
Base on the previous design step, the optimum setup of the toggle brace system 
Figure 24 and a diagonal brace system Figure 25 are been chosen to enhance into a 
  and   storey steel frame structures. To illustrate the effect of toggle damper-brace 
systems, consider an existing building under soft-storey mechanism.  
 
Two identical steel frame structures are fabricated for computation analysis.  One is 
  stories and the other one is 6 stories, both of them are steel frame structures. One 
group are equipped with the diagonal damper system, the other group are enhanced 
with an upper toggle-brace-damper system.  The detail setup for the structures as 
follows: story height     ; bay width     ; With 5% of the structure damping 
coefficient; Lateral stiffness of structure prior to addition of braces is estimated 
to          . Follow by the simple design steps above, lower brace is selected 
     at an angle of     from horizontal. This configuration results in a magnification 
factor   of approximately    . By using a viscous damper with axial stiffness 
of        , the overall stiffness of structure is increased.  
The performance of structure can be evaluated in various earthquake records to 
analysis. Ground motion records from   
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Table 6 with a reasonable scale has successfully completed in OPENSEES. 
 
 
 
Figure 24 Steel Structures with an Upper Toggle-Brace-Damper System 
 
 
Figure 25 Steel Structures with Diagonal Damper System 
Figure 26 and Figure 27 shows the maximum displacement of roof comparison for   
stories and   stories structures. Figure 28 shows the intersotrey drift for each storey. 
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Results clearly assign out the structure with innovation toggle-brace-damper system 
which is selected from the simple design steps is very effectively compared to the 
structure with diagonal damper system. The maximum interstorey drift is reduced 
minimum     in   stories structure and     in   stories structure.  Figure 29 is base 
shear vs. displacement graph. Figure 30 is the comparison base shear diagram with 
different earthquake record. The nonlinearity of base shear is a consequence of 
nonlinear damper. At the end of ground shaking, approximately     of input 
energy is diverted to the damper, while the remaining energy is dissipated through 
viscous damping. Maximum displacement of superstructure in level   is controlled 
within       of height of columns. 
 
120% Imperial Valley 1940 
 
120% Imperial Valley 1979 
-100
-50
0
50
100
0 5 10 15 20 25 30 35 40
D
is
p
la
ce
m
en
t 
(m
m
) 
Time (Sec) 
Diagonal Toggle
  100 Author: Zhefei  Zhao 
 
 
120%Chi-Chi, Taiwan 1999 
 
120% Kobe 1995 
 
120% Loma Prieta 1989 
-150
-100
-50
0
50
100
150
0 5 10 15 20 25 30 35 40
D
is
p
la
ce
m
en
t 
(m
m
) 
Time (Sec) 
Diagonal Toggle
-200
-150
-100
-50
0
50
100
150
200
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
D
is
p
la
ce
m
en
t 
(m
m
) 
Time (Sec) 
Diagonal Toggle
-500
-300
-100
100
300
500
0 5 10 15 20 25 30 35 40
D
is
p
la
ce
m
en
t 
(m
m
) 
Time (Sec) 
Diagonal Toggle
  101 Author: Zhefei  Zhao 
 
 
Figure 26 3 stories structure maximum roof displacement 
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Figure 27 6 stories structure maximum roof displacement 
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120% Imperial Valley 1940 in 3 stories and 6 stories 
  
 
120% Imperial Valley 1979 in 3 stories and 6 stories 
  
 
120%Chi-Chi, Taiwan 1999 in 3 stories and 6 stories 
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120% Kobe 1995 in 3 stories and 6 stories 
  
 
120% Loma Prieta 1989 in 3 stories and 6 stories 
Figure 28 Interstorey Drift Displacement 
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Figure 29 Base Shear vs. Maximum Displacement 
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Figure 30 Base Shear Comparisons 
 
4.4 Summary and conclusion 
 
Base on the parameter studies and case studies in this paper a simple design step of 
an upper toggle-brace-damper system to design a new or retrofit in existing 
structure is presented.  Governing equations including the magnification factor and 
lateral stiffness contributed by a toggle-brace-damper system are formulated. The 
relationship between magnification factor and the geometry of structure are 
determined.  The optimal geometrical design of toggle-brace mechanism is 
discussed. Nonlinear time history analyses are carried out on selected brace 
configurations in OPENSEES. Results are presented in this study provide an insight 
into the preliminary selection of base structure geometric design. A simply design 
steps of the upper toggle bracing system to design or robust in steel structure in 
different types of soft soil is presented. The magnification factor can be simply to get 
base on the structural height and span. When the engineer design the toggle-brace-
damper system, the lower brace arc length and angle between the lower arc and 
ground level can be easy to select from the graph. This chapter investigates the use 
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of toggle-brace system as a mitigation measure to the multi-level steel structure. 
Governing equations of such system are presented. A case study of two multi stories 
structures retrofitted by addition of toggle-damper-braces analysis in OPENSEES 
successful to prove the design steps.  
 
A design step, base of the height and span ratio, to compute the magnification factor 
and the size of toggle bracing design is presented.  The magnification factor can be 
estimated without calculation.   
 
In particular, a comprehensive economical design steps has been finally performed. 
The parameter studies shows that the proposed design step can predict and easy to 
find out the magnification factor. Only three steps, the performing of this toggle-
brace-damper system can be estimated.  As future work, the effects of applying this 
toggle-brace-damper system on other types of structures will be investigated. This 
toggle-brace-damper system is expected to be an excellent solution for the existing 
and new building of economical way to install it. 
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Chapter 5 Incremental 
Dynamic Analysis of Upper 
Toggle-Brace-Damper 
System 
5.1 Introduction  
 
Analysis of a structure equipped with a damping system is a complicated procedure. 
It is because during an earthquake event, both the seismic force-resisting system and 
the damping system dissipate energy in the structure, which leads the seismic for-
resisting system to experience post yield hysteretic stage when the structure is 
excited beyond elastic limit. This chapter presents the results of a study that used 
Incremental Dynamic Analysis (IDA) method to assess the seismic performance of 3 
steel benchmark structures equipped with an upper toggle-brace-damper system 
with fluid viscous. The structural analysis software OPENSEES is used to carry out 
incremental dynamic analysis. Nonlinear hysteretic material model was used to 
derive the hysteretic response of sections under the interaction of biaxial moments 
and axial forces. Several nonlinear time history analyses were carried out to obtain 
response of the structural performance. Maximum intersotrey drift ratio is one of the 
important factors of the calibration, and it was varied to investigate its effect on 
structural response. The key features of the analysis method in the chapter are 
illustrated with benchmarks structures of incremental dynamic analysis method 
response of the hazard curves. A reference return period can be obtained from the 
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hazard curves. Finally, the structure damage limit states and the probabilistic 
seismic hazard analysis can be addressed.  
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5.2 Incremental Dynamic Analysis Method 
 
Incremental Dynamic Analysis (IDA) is an emerging computational analysis method 
of the structural model under a scaled suite of seismic loads. A series of ground 
motion records involves by using nonlinear dynamic analysis method, each scaled to 
several intensity levels selected to force the structure behaviours. It can be show that 
the results of probabilistic seismic hazard analysis in order to estimate the seismic 
risk in the structure. The predicted seismic demand compared to the seismic 
capacity, which is called Performance-Based Earthquake Engineering (PBEE). IDA 
can estimate the seismic demand or a certain limit-state capacity for the structure 
from elastic to inelastic and finally to global dynamic instability by using a series of 
nonlinear dynamic analysis. IDA curves generated from the structural response, as 
measured by monotonic scalable ground motion intensity measure Intensity 
Measure (IM) in the vertical axis, versus the Damage Measure or structural state 
variable (DM) as the horizontal axis. IDA curves can be plotted in a suitable format 
to determine annual rates of exceeding a certain limit-state capacity, or a certain 
demand.   
 
IDA curves are plots of the scale factor of the ground motion    damage parameter . 
The serviceability limit state is defined in the elastic limit of a structure while the 
ultimate state is defined based on the type of the failure mode observed in the 
critical elements in which larger plastic deformation is expected. Peak ground 
acceleration, peak ground velocity, 5% damped spectral acceleration at the 
structure’s first-mode period   (  ) or normalized factor   which is numerically 
equivalent to the yield reduction all can be selected. Previous have research has 
shown,   (  ) denoted as the spectral acceleration at the fundamental period of the 
given structure with a 5% damping ratio, is the monotonic scalable ground motion 
Intensity Measure (IM) as the vertical axis.   (  ) is more “efficient” than the other 
monotonic scalable ground motion intensity measure (IM) choice, for instance, peak 
ground acceleration (PGA)[69]. Several nonlinear inelastic time history analysis were 
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performed to obtain response for the Damage Measure or structural state variable 
(DM) is the horizontal axis, such as, maximum base shear, maximum peak intersotry 
drift angle or peak roof drift.   
 
In this chapter, the IDA procedure as follow:  
1) A benchmark steel structure is modelled in OPENSEES; 
2) A series ground motion records are selected; 
3) Apply the incremental dynamic analysis method to the model; 
4) Summary the result and get the hazard curves; 
5) Calculate the MAFs of exceedance for probability percentage of 50 years from 
the hazard curves;   
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5.3 Description of Three Steel Benchmark Structure  
 
This chapter, presents the nonlinear incremental dynamic analysis on three typical 
benchmarks steel structures,          storey buildings designed for SAC Phase II 
Steel Project[1] for the Los Angeles. The benchmark buildings, although not actually 
constructed, meet the FEMA seismic code [53, 62, 63, 66, 67]. All buildings are office 
buildings designed for gravity, wind and seismic loads, with a basic live load. All 
these three steel buildings are consisted of steel perimeter moment frames and 
interior gravity frames with shear connections.  
 
         Benchmark Building 
 
The           benchmark steel structure, which shows in Figure 31, is        by 
       in floor plan and        in total height. In north-south (N-S) direction with 
four bays and in east-west (E-W) direction with six bays in each      .  All columns 
are wide-flange        steel and all beams are wide-flange        steel. All floor 
system with floor slab is assumed to be rigid in the horizontal plane which provides 
diaphragm actions. The seismic mass of the first and second floors are both       
       , and the third floor is               for both directions. The seismic mass of 
the structure is including various component s of the structure, the steel framing, 
floor slabs, ceiling/flooring, mechanical/electrical, partitions, roofing and a 
penthouse located on the top floor.   The           benchmark steel structure 
details show in Table 7.  
 
Table 7 Detail of          Benchmark Building [1] 
Beams (      ):   
1st level  first three bays (left to right)         
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1st level  fourth bay (left to right)        
2nd  level  first three bays (left to right)         
2nd level  fourth bay (left to right)        
3rd   level  first three bays (left to right)        
3rd  level  fourth bay (left to right)        
Columns (      ):   
1st and 4th Bay (left to right)         
2nd and 3rd Bay (left to right)         
5th  Bay (left to right) (weak axis)         
Restraints:  Columns fixed at base 
Connections:  indicates a moment resisting 
connection 
indicates a simple (hinged) 
connection  
Dimensions:  All floor to floor heigth is       
Seismic Mass:   
1st-2nd level             
3rd  level             
Entire structure            
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Figure 31 Detail of           Benchmark Structure [1] 
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         Benchmark Building 
 
Figure 32 shows the           benchmark steel structure. It is        by        in 
plan and        in elevation. In north-south (N-S) direction and in east-west (E-W) 
direction both are five bays and each bay is      .  One basement level locates 
underground which is      .  All columns are the MRF wide-flange        steel. 
Also, all beams are wide-flange        steel. Column splices, which are seismic 
(tension) splices to carry bending and uplift forces, are located on the first, third, fifth 
and seventh levels at       above the center-line of the beam to column joint. The 
column bases are modelled as pinned and secured to the ground. Concrete 
foundation walls and surrounding soil are assumed to restrain the structure at the 
ground level from horizontal displacement. The seismic mass of the structure is 
including various component s of the structure, the steel framing, floor slabs, 
ceiling/flooring, mechanical/electrical, partitions, roofing and a penthouse located 
on the top floor. Table 8 included all the detail of the           benchmark steel 
structure. 
Table 8 Detail of           Benchmark Building [1] 
Beams (      ):   
Ground - 2nd level          
3rd -6th level         
7th  level          
8th  level          
9th  level          
Columns (      ):  Column size change at splices 
First splice (from lower to higher)         
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2nd splice (from lower to higher)         
3rd splice (from lower to higher)         
4th splice (from lower to higher)         
5th splice (from lower to higher)         
Restraints:  
Columns pinned at base 
Structure laterally restrained at 1st level 
Connections:  
indicates a moment resisting 
connection 
indicates a simple (hinged) 
connection  
Dimensions:  All measurement are centre to centre 
 Basement level height:       
 Ground level height:       
 1st – 8th level height:       
 Bay withs:       
Seismic Mass:   
Ground level             
1st level             
2nd -8th level             
9th level             
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Entire structure (above ground)            
 
 
F
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Figure 32 Detail of           benchmark steel structure [1] 
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          Benchmark Building 
 
The            benchmark steel structure represents high-rise building, the floor 
plan is        by        and the height is       . Both directions are with five 
bays and each bay is 6.10m wide, which is shown in Figure 33. The building has two 
basements levels. The floor to floor height for each basement is      . The columns 
are        steel. The interior columns of the MRF are wide-flange and the corner 
columns are box columns. Column splices are located on the first, fourth, seventh, 
tenth, thirteenth, sixteenth and eighteenth levels at 1.83m above the center-line of the 
beam. For simplicity the spliced columns are models as having uniform properties 
over the story height equal to the weighted average of the upper and lower column 
properties of that story.  The column bases are modelled as pinned and secured to 
the ground.  The floor system is comprised of        steel wide-flange beams 
acting compositely with the floor slab as in the 3 storey building. Similar to the 3-
storey building, each frame resists one half of the seismic mass associated with the 
entire structure. Detail information of three benchmark steel structures shown in 
Table 9 Detail of            Benchmark Building.  
 
Table 9 Detail of            Benchmark Building [1] 
Beams (      ):   
Basement 2 – 4th level         
5th -10th level         
11th -16th  level          
17th -18th  level          
19th  level          
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20th  level          
Columns (      ):   
Corner and interior columns are the same Column size change at splices 
First splice (from lower to higher)         
2nd splice (from lower to higher)         
3rd splice (from lower to higher)         
4th splice (from lower to higher)         
5th splice (from lower to higher)         
6th splice (from lower to higher)         
7th splice (from lower to higher)         
8th splice (from lower to higher)        
Box columns are ASTM A500 
      indicates a       square box 
column with wall thickness 
Restraints:  
Columns pinned at base  
Structure laterally restrained at 1st level 
Connections:  
indicates a moment resisting 
connection 
indicates a simple (hinged) 
connection  
Dimensions:  All measurement are centre to centre 
 Basement level height:       
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 Ground level height:       
 1st – 8th level height:       
 Bay withs:       
Seismic Mass:   
Ground level             
1st level             
2nd -19th level             
20th level             
Entire structure (above ground)            
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Figure 33 Detail of            benchmark steel structure [1]  
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5.4 Incremental Dynamic Analysis in Benchmark Structure with Upper 
Toggle-brace-damper System 
 
Applying IDA to determine the performance of a structure requires several steps as 
mentioned in chapter 2.4.  
 
Step 1: Model three steel benchmark structure in OPENSEES 
 
All three benchmark structures are two-dimensional models forming in OPENSEES. 
The natural frequencies of the three benchmark structures are consistent with those 
found by others researchers who have modelled these structures before [82, 95, 96]. 
The first three natural frequencies of the 3-storey benchmark evaluation model are: 
                    .  The first five natural frequencies of the 9-storey benchmark 
building are                      and       and the first 10 natural frequencies of 
the 20-storey building all are                                                and 
        All these results are consistent by the paper[1].  
 
The structures are modelled as 2D frames in the north-south direction. The frame is 
given half of the seismic mass of the structure at each floor level. The strength, 
stiffness, and the shear distortions of panel zones are neglected. Moments in the 
beams and columns are computed at the connection centreline as opposed to the 
faces of columns and beams, which results in a high estimate of moments. To 
modelling the inelastic steel structure model, a “force-base beam-column” element 
command is used. The “uniaxialinelastic” section command with the 
“uniaxialmaterial” properties is to modelling the inelastic characterises of the material 
properties. Each member is constructed using a lumped plasticity model with 
nonlinear rotational springs at each end joined by a nonlinear beam-column element. 
The hinges are “zerolength” elements. The strength of the springs is equal to the 
plastic moment capacity of the beam section, and the post-yield stiffness is 
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calculated based on the elastic flexural stiffness of the beam.  Gravity loads are 
applied to the columns as the nodal loads. The presence of significant axial loads, as 
found in columns, leads to inelastic strain distributions and moment-curvature 
relationships that are greatly affected by the loading time analysis history.  
 
Viscous damper is the most common form of damper normally considered in the 
context of general structures. The viscous damper assumed to be linear in nature. 
The brace support for the damper is assumed to be rigid compare to the damper, so 
that all deformation in the damper system occurs through damper deformation [97]. 
To modelling the viscous damper, a two node link element is used to link the two 
nodes that define the geometry of the viscous damper. This element follows a 
viscous damper hysteretic response. The input parameters that are selected for the 
damper are as follow: axial lateral stiffness          ; damping coefficient 
          (   )⁄
    
 and velocity exponent       . After define the model, the 
next step is to create a dynamic time history analysis object for analysing the model.  
 
Step 2: selected representation ground motion records;  
 
In order to perform IDA, a series ground motion records are needed. Author [72, 98] 
suggested 10-20 representation ground motions to analyses the low-rise and mid-rise 
buildings in order to provide sufficient accuracy of seismic demands. In this study, 
10 records will be used for 3-storey steel benchmark structure, 20 records for the 9-
storey steel benchmark and all 30 records for the 20-storey steel benchmark structure 
are used. 30 ground motions records are selected from the PEER data base[88] in a 
set of relatively large magnitudes of 6.5-6.9.   
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Table 10 show the detail of thirty ground motion rerecords.  
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Table 10 Thirty Ground Motion Records [71, 88] 
No Event Station   1 Soil2 M3 
R4 
(KM) 
PGA 
(g) 
1 
Loma Prieta 
1989 
Agnews State Hospital 090 C,D 6.9 28.2 0.159 
2 
Loma Prista 
1989 
Hollister Diff. Array 255 -,D 6.9 25.8 0.279 
3 
Loma Prieta 
1989 
Anderson Dam 
Downstrm 
270 B,D 6.9 21.4 0.244 
4 
Loma Prieta 
1989 
Coyote lake Dam 
Doenstrm 
285 B,D 6.9 22.3 0.179 
5 
Loma Prieta 
1989 
Sunnyvale Colton Ave 270 C.D 6.9 28.8 0.207 
6 
Loma Prieta 
1989 
Hollister South & Pine 000 -.D 6.9 28.89 0.371 
7 
Loma Prieta 
1989 
Sunnyvale Colton Ave 360 C.D 6.9 28.8 0.209 
8 
 
Loma Prieta 
1989 
Sunnyvale Colton Ave 360 C.D 6.9 28.8 0.209 
9 
Loma Prieta 
1989 
Halls valley 090 C.C 6.9 31.6 0.103 
10 
Loma Prieta 
1989 
WAHO 000 -.D 6.9 16.9 0.37 
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11 
Loma Prieta 
1989 
Hollister Diff. Array 165 C,D 6.9 25.8 0.269 
12 
Loma Prieta 
1989 
WAHO 090 -,D 6.9 16.9 0.638 
13 
Imperial 
Valley, 1979 
Compuertas 285 C,D 6.5 32.6 0.147 
14 
Imperial 
Valley, 1979 
Plaster city 135 C,D 6.5 31.7 0.057 
15 
Imperial 
Valley, 1979 
El Centro Array#12 140 C,D 6.5 18.2 0.143 
16 
Imperial 
Valley, 1979 
Cucapah 085 C,D 6.5 23.6 0.309 
17 
Imperial 
Valley, 1979 
Chihuahua 012 C,D 6.5 28.7 0.27 
18 
Imperial 
Valley, 1979 
El Centro Array #13 140 C,D 6.5 21.9 0.117 
19 
Imperial 
Valley, 1979 
Westmoreland 
Fire&Station 
090 C,D 6.5 15.1 0.074 
20 
Imperial 
Valley, 1979 
Chihuahua 282 C,D 6.5 28.7 0.254 
21 
Imperial 
Valley, 1979 
El Centro Array #13 230 C,D 6.5 21.9 0.139 
22 
Imperial 
Valley, 1979 
Westmoreland fir 
station 
180 C,D 6.5 15.1 0.11 
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23 
Imperial 
Valley, 1979 
Compuertas 015 C,D 6.5 32.6 0.186 
24 
Imperial 
Valley, 1979 
Plaster city 045 C,D 6.5 31.7 0.042 
25 
Northridge 
1994 
LA, Baldwin Hills 090 B,B 6.7 31.3 0.239 
26 
Northridge 
1994 
LA, Hollywood 
Storage FF 
360 C,D 6.7 25.5 0.358 
27 
San 
Fernando 
1971 
LA, Hollywood Stor. 
Lot 
180 C,D 6.6 21.2 0.174 
28 
San 
Fernando 
1971 
LA, Hollywood Stor. 
Lot 
090 C,D 6.6 21.2 0.21 
29 
Superstition 
Hills 1987 
Wildlife Liquefaction 
Array 
090 C,D 6.7 24.4 0.181 
1. Component 
2. USGS, Geomatrix soil class 
3. Moment magnitude 
4. Closest distance to fault rupture 
 
Step 3: Apply the incremental dynamic analysis method to the model; 
 
A nonlinear model of the structural system is developed in OPENSEES. To start the 
analysis, the chosen earthquake records need to be scaled from a low IM to several 
higher IM levels until structural from elasticity to it global failure. For each 
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increment of IM level, a nonlinear dynamic time history analysis is carried out. 
Analyses are repeated from lower IM vales until first collapse values appear.  
 
Step 4: Results and hazard curves; 
 
IDA is performed for several scaling levels of each a structure to behave all the way 
from elasticity until collapse occurs. Subsequently, the IDA curves of structural 
response are generated as measured by a damage parameter versus the scale factor 
of the ground motion. Although the values for each of the control parameters for 
each of the IDA curves are different, they can then be examined collectively and a 
statistical analysis on the parameters can be performed. Studies showed that the 
parameters are lognormally distributed. By generating the IDA curve for each record 
and subsequently defining the limit-state capacities, a large amount of data can be 
gathered. The methods for estimating statistics of a sample of 2D random lines called 
Functional Data Analysis method had been described in[99].  Therefore by 
ascertaining median values of each parameter the 50% fractile values of DM (     
 ) 
and 50% fractile valus of IM (     
 ). IDA response can be represented. Likewise by 
examining variability of individual IDA distributions, parameters that represent 
curves of other bounds of interest, such as the     (     
        
 ) and 
   (     
        
 ) fractile values of DM and IM are found.  
 
Once the three (16%, 50% and 84%) lines have been generated, it is possible to 
determine the expected drift for an earthquake with a certain level of intensity. 
Emerging international best practice for seismic design is tending to adopt a dual 
level intensity approach. Several damage limit-states can be defined on the IDA 
curves developed. In previous research have [72] used criteria of Immediate 
Occupancy (IO) and Collapse Prevention (CP) limit-states to their IDA curves based 
on  building usage criteria. In this study, the same damage limit-state will be 
adopted.  
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Step 5: Calculate the MAFs of exceedance for probability percentage of 50 years 
from the hazard curves;   
 
One of the goals of PBEE is to produce mean annual frequencies (MAFs) of 
exceedance for the limit-states. This can be easily accomplished with the 
summarized results that have been calculated so far, especially if one considers the 
formats proposed by FEMA [53, 62, 66, 67]. The MAF calculations first presented in 
the [71, 100] using the form of framing equation (Eq. 45). In theEq. 45, DV is the 
decision variable which is simply as a scalar “indicator variable”.  IM is   (     ) 
and DM is      in this study.  
 
 (  )  ∬ (  |  )|  (  |  )| |  (  )| 
Eq. 35 
Basic from the Eq. 35 the framing format of the equation, the MAF also can be 
calculated of the DM form (Eq. 36) or the IM form (Eq. 37) which mentioned in [71, 
72]. 
 
    ∬ ( |  )|  (  |  )| |  (  )| 
      
    ∫  (   |  ) {∫ |
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| |
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Eq. 36 
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where the IM of the integration in the braces needs to be varied out either 
numerically or appropriate analytic approximation [101] to indicate the absolute 
value of the DM hazard gradient.  
 
    ∫ ( |  )|  (  )|  ∫  (  
 |  ) |
  (  )
   
|   
     
    
 
Eq. 37 
  
where the quantity in the absolute value is the IM hazard gradient value and 
 (   |  ) is the CDF of the IM value of limit-state capacity. 
  
To calculate using both the approximate analytic approach with either global or local 
fit to the hazard curve and “exact” numerical integration, this may determine the 
three limit-state capacities (immediate occupancy (IO), collapse prevention (CP) and 
global dynamic instability (GI) [71, 102]). The MAFs of exceeding each of these three 
limit-state capacities and MAFs of exceedance for probabilistic seismic hazard 
analysis calculation will be addressed out.  
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5.5 Case Study 
The objective of the research presented here is to evaluate the role of the upper 
toggle-brace-damper system in enhancing the overall structural performance under 
seismic events. This study focuses on three steel benchmarks buildings, and three 
different types of control systems were selected for investigation these buildings: a) 
uncontrolled structure; b) structure with diagonal damper system (viscous damper) ; 
c) structure with upper toggle-brace-damper system (viscous damper).  In appendix 
A, B and C provides the detailed drawings of three steel benchmarks buildings with 
diagonal brace-damper system and upper toggle-brace-damper system. All three 
benchmarks buildings are subjected to have the same damper properties. The 
damper is the viscous damper with the axial lateral stiffness for       ⁄ . For the 
upper toggle-brace-damper system geometric design are following the geometric 
design steps in chapter 4.5. The lower brace is selected      at an angle of     from 
horizontal to maximum the usage space.  
 
3-storey steel benchmark buildings IDA results 
 
When subjected to various ground motions, a nonlinear model often produces quite 
dissimilar responses that are difficult to predict a priori. All curves exhibit a distinct 
elastic linear region. All ten IDA curves and the associated limit-state capacities for 
the 3-storey steel benchmark building, 3-storey steel benchmark building enhanced 
with diagonal damper system and 3-storey steel benchmark building enhanced with 
toggle-brace-damper system is shown in Figure 34, Figure 35 and Figure 36.  The IO 
limit is at the intersection of each IDA with the     =2% line, the CP limit is 
represented by the dots, while GI occurs at the flatlines for all these figures.  
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Figure 34: 10 IDA curves and the associated limit-state capacities for the 3-storey 
steel benchmark building. The IO limit is at the intersection of each IDA with the 
        line, the CP limit is represented by the dots, while GI occurs at the 
flatlines. 
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Figure 35: 10 IDA curves and the associated limit-state capacities for the 3-storey 
steel benchmark building with the diagonal damper system. The IO limit is at the 
intersection of each IDA with the         line, the CP limit is represented by the 
dots, while GI occurs at the flatlines. 
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Summary of the IDA representative curves and corresponding limit-state capacities 
into their 16%, 50% and 84% fractiles results are shown in Figure 37, Figure 38 and 
Figure 39 for the three difference 3-storey steel benchmark buildings. For limit-states 
at third floor of      in Figure 37, namely 0.01% in elastic region, 0.1% in early 
inelastic region, 0.5% in high nonlinear and    for global instability. Same for 
Figure 38, for limit-states at third floor of     , namely 0.013% in elastic region, 
0.12% in early inelastic region, 1% in high nonlinear and    for global instability. 
For the 3-stroey steel benchmark building enhanced with toggle-brace-damper 
system achieved the best result for the limit-states at third floor which is shown in 
Figure 39.  Is has 0.045% in elastic region, 0.14% in early inelastic region, 7.5% in high 
nonlinear and    for global instability. 
 
Figure 36: 10 IDA curves and the associated limit-state capacities for the 3-storey steel 
benchmark building with the upper toggle-brace-damper system. The IO limit is at the 
intersection of each IDA with the         line, the CP limit is represented by the 
dots, while GI occurs at the flatlines. 
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Figure 37 Summary of the IDA curves and corresponding limit-state capacities into 
their 16%, 50% and 84% fractiles for 3-storey steel benchmark building. 
 
Figure 38 Summary of the IDA curves and corresponding limit-state capacities into 
their 16%, 50% and 84% fractiles for 3-storey steel benchmark building enhanced 
with diagonal damper system 
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Figure 39 Summary of the IDA curves and corresponding limit-state capacities into 
their 16%, 50% and 84% fractiles for 3-storey steel benchmark building enhanced 
with innovative upper toggle-brace-damper system 
 
The Summary of the IDA curves and corresponding limit-state capacities into their 
16%, 50% and 84% fractiles. 
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Table 11 Summarized capacities for each limit-state for 3-storey steel benchmark 
building  
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Table 12 Summarized capacities for each limit-state for 3-storey steel benchmark 
building enhanced with diagonal damper system 
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Table 13 Summarized capacities for each limit-state for 3-storey steel benchmark 
building enhanced with innovative upper toggle-brace-damper system 
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Figure 40 the comparison of Immediate Occupancy vs IM value for three 3-storey 
building 
 
 
Figure 41 the comparison of Collapse Prevention vs IM value for three 3-storey 
building  
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Figure 42 the comparison of Global dynamic instability vs IM value for three 3-
storey building  
 
9-storey steel benchmark buildings IDA results 
 
When the three 9-storey steel benchmark buildings (benchmark only, with diagonal 
brace damper system, with toggle-brace-damper system) are subjected to 20 selected 
records, 20 recorded IDAs are generated, which are shown in Figure 43, Figure 44 
and Figure 45, where DM and IM have been to selected to be maximum interstorey 
drift ratio and    (     ).  
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Figure 43: 20 IDA curves and the associated limit-state capacities for the 9-storey 
steel benchmark building. The IO limit is at the intersection of each IDA with the 
        line, the CP limit is represented by the dots, while GI occurs at the 
flatlines. 
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Figure 44 20 IDA curves and the associated limit-state capacities for the 9-storey steel 
benchmark building with the diagonal damper system. The IO limit is at the 
intersection of each IDA with the         line, the CP limit is represented by the 
dots, while GI occurs at the flatlines. 
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9-storey benchmarks steel buildings IDA result 
 
As can be found in Figure 43, Figure 44 and Figure 45, by generating all that 20 IDAs 
curves, a large amount of data could be gathered. IDA curves displays a wide range 
of behaviour, showing a large record-to-record variability, thus making it essential to 
perform statistical evaluation of the results and summarize such data. For the 50% 
percentile of the response, were computed. The 16% and 84% percentiles were also 
computed as a measure of dispersion. Each strip will be summarized into 16%, 50% 
and 84% fractile curves. All three 9-storey steel benchmark buildings limit-states 
results are shown in Figure 46, Error! Reference source not found. and Figure 56. 
The Table 14, Table 15 and Table 16 summarized of the IDAs curves and 
corresponding limit-state capacities into their 16%, 50% and 84% fractile values.  
 
Figure 45 20 IDA curves and the associated limit-state capacities for the 9-storey steel 
benchmark building with the innovative upper toggle-brace-damper system. The IO 
limit is at the intersection of each IDA with the         line, the CP limit is 
represented by the dots, while GI occurs at the flatlines. 
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Figure 46 Summary of the IDA curves and corresponding limit-state capacities into 
their 16%, 50% and 84% fractiles for 9-storey steel benchmark structure.  
 
Figure 47 Summary of the IDA curves and corresponding limit-state capacities into 
their 16%, 50% and 84% fractiles for 9-storey steel benchmark building enhanced 
with innovative upper toggle-brace-damper system 
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Table 14 Summarized capacities for each limit-state for 9-storey steel benchmark 
building  
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Table 15 Summarized capacities for each limit-state for 9-storey steel benchmark 
building enhanced with diagonal damper system 
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Table 16 Summarized capacities for each limit-state for 9-storey steel benchmark 
building enhanced with upper toggle-brace-damper system 
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Figure 48 The comparison of Immediate Occupancy vs IM value for three 9-storey 
building 
 
 
Figure 49 The comparison of Collapse Prevention vs IM value for three 9-storey 
building 
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Figure 50 The comparison of Global dynamic instability vs IM value for three 9-
storey building 
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20-storey steel benchmark buildings IDA results 
When subjected to 30 various ground motions, a nonlinear model often produces 
quite dissimilar responses that are difficult to predict a priori. All curves exhibit a 
distinct elastic linear region. All ten IDA curves and the associated limit-state 
capacities for the20-storey steel benchmark building, 20-storey steel benchmark 
building enhanced with diagonal damper system and 20-storey steel benchmark 
building enhanced with toggle-brace-damper system is shown in Figure 51, Figure 
52 and Figure 53.  The IO limit is at the intersection of each IDA with the     =2% 
line, the CP limit is represented by the dots, while GI occurs at the flatlines for all 
these figures.  
 
 
Figure 51: 30 IDA curves and the associated limit-state capacities for the 20-storey 
steel benchmark building. The IO limit is at the intersection of each IDA with the 
        line, the CP limit is represented by the dots, while GI occurs at the 
flatlines. 
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Figure 52: 30 IDA curves and the associated limit-state capacities for the 20-storey 
steel benchmark building with the diagonal. The IO limit is at the intersection of 
each IDA with the         line, the CP limit is represented by the dots, while GI 
occurs at the flatlines. 
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Figure 53: 30 IDA curves and the associated limit-state capacities for the 20-storey 
steel benchmark building with the innovative upper toggle-brace-damper system. 
The IO limit is at the intersection of each IDA with the         line, the CP limit 
is represented by the dots, while GI occurs at the flatlines. 
0
2
4
6
8
10
12
14
16
0 0.2 0.4 0.6 0.8 1
“f
ir
st
  
o
d
e”
 s
p
ec
tr
al
 a
cc
el
er
at
io
n
 S
a(
T1
,  
5
%
) 
Maximum interstorey drift ratio, 𝜃𝑚𝑎𝑥  
  150 Author: Zhefei  Zhao 
 
 
Figure 54 Summary of the IDA curves and corresponding limit-state capacities into 
their 16%, 50% and 84% fractiles for 20-storey steel benchmark structure.  
 
Figure 55 Summary of the IDA curves and corresponding limit-state capacities into 
their 16%, 50% and 84% fractiles for 20-storey steel benchmark building enhanced 
with diagonal damper system 
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Figure 56 Summary of the IDA curves and corresponding limit-state capacities into 
their 16%, 50% and 84% fractiles for 20-storey steel benchmark building enhanced 
with innovative upper toggle-brace-damper system 
 
The Summary of the IDA curves and corresponding limit-state capacities into their 
16%, 50% and 84% fractiles. 
 
Table 17 Summarized capacities for each limit-state for 20-storey steel benchmark 
building  
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Table 18 Summarized capacities for each limit-state for 20-storey steel benchmark 
building enhanced with diagonal damper system 
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Table 19 Summarized capacities for each limit-state for 20-storey steel benchmark 
building enhanced with upper toggle-brace-damper system 
   (     )( )      
      
       
       
       
       
       
  
IO                                     
CP                                      
GI                              
 
  153 Author: Zhefei  Zhao 
 
 
 
Figure 57 The comparison of Immediate Occupancy vs IM value for 20-storey 
building 
 
 
 
Figure 58 The comparison of Collapse Prevention vs IM value for 3-storey building 
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Figure 59 The comparison of Global dynamic instability  vs IM value for 20-storey 
building 
 
The MAFs can be easily calculated from the DM format Eq. 36 or the IM format Eq. 37.  If the 
integrations are performed with sufficient accuracy, two equations should be getting the same result 
[101].  The section below will use Eq. 37 rather than Eq. 36, as there is only one integration need to 
be done for the IM format , rather than the DM format. For the 3-storey benchmark steel building, 
1/10 probability to each of the 10 records need to be assigned, which is shown in   
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Table 11 Summarized capacities for each limit-state for 3-storey steel benchmark 
buildingTable 12 Summarized capacities for each limit-state for 3-storey steel 
benchmark building enhanced with diagonal damper systemand Table 13 
Summarized capacities for each limit-state for 3-storey steel benchmark building 
enhanced with innovative upper toggle-brace-damper system; For the 9-storey 
benchmarks steel building, assign 1/20 probability to each of the 20 records which 
shown in Table 14, Table 15 and Table 16; 1/30 probability to each of the 30 records 
be assigned in Table 17,Table 18 and Table 19 which are for the 20-stroey benchmark 
steel building. Then derive the capacity of IM value and integrate them with values 
into the hazard curves by calculation or reading in the hazard curves. The other 
analytically integrated method had been mentioned in [98, 101]. The capacity IM 
values need to be changed to a lognormally distributed values and fitting a straight 
line into the hazard curves in the log-log space by fit at the median capacity IM 
values for each limit-states( IO, CP, GI).  A form of the framing equation adopted by 
this method can be presented: 
     (     
 )     (
 
 
(        )
 ) 
 
Eq. 38 where  (  )      
   which is a straight line in the log-log space;         
(       
         
 ) is the standard deviation of the natural logarithm of the IM 
values. As the benchmark structural are located in Los Angeles, California region. A 
hazard curved get from The United States Geological Survey (USGS) [103] is in 
Figure 60. 
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Figure 60 Los Angeles, California Hazard Curves 
The MAFs exceeding of the three limit-states in this chapter are calculated with the 
analytically integrated method.  A straight line with global fit or local fit put into 
Figure 60. The   value can be addressed out which is       from the figure.  The 
MAFs calculation results for the three limit-states are shown in:  
Table 20 The MAFs of exceedance (   ) for the three limit-state (IO, CP and GI) for 3-
storey steel benchmark building  
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GI                               
 
Table 21 The MAFs of exceedance (   ) for the three limit-state (IO, CP and GI) for 9-
storey steel benchmark building  
 
9-storey 
Steel benchmark 
building (    ) 
9-storey 
Steel benchmark building 
enhance with diagonal 
brace-damper system 
(    ) 
9-storey 
Steel benchmark building 
enhance with toggle-
brace-damper-system 
(    ) 
IO                               
CP                               
GI                               
 
Table 22 The MAFs of exceedance (   ) for the three limit-state (IO, CP and GI) for 
20-storey steel benchmark building  
 
20-storey 
Steel benchmark 
building (    ) 
20-storey 
Steel benchmark 
building enhance with 
diagonal brace-damper 
system (    ) 
20-storey 
Steel benchmark 
building enhance with 
toggle-brace-damper-
system (    ) 
IO                               
CP                               
GI                               
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Table 23 Summary of the MAFs of exceedance in 50 years for three benchmark 
buildings  
 IO CP GI 
3-Storey Benchmark Building                                 
3-Storey Benchmark Building with 
Diagonal Brace-damper system 
                                
3-Storey Benchmark Building with 
upper toggle-brace-damper system 
                               
    
9-Storey Benchmark Building                                  
9-Storey Benchmark Building with 
Diagonal Brace-damper system 
                                
9-Storey Benchmark Building with 
upper toggle-brace-damper system 
                               
    
20-Storey Benchmark Building                                  
20-Storey Benchmark Building with 
Diagonal Brace-damper system 
                                
20-Storey Benchmark Building with 
upper toggle-brace-damper system 
                                
 
The MAFs of exceedance (   ) is the probabilistic seismic hazard analysis calculation. 
The above three tables show the percentage of the probabilistic seismic exceedance 
  159 Author: Zhefei  Zhao 
 
result. That is the percentage of the seismic events happened in 50 years. On the 
table above, it is summary the probability percentage of the MAFs of exceedance for 
50 years in Los Angles, California.  It is significant to show that the structure with 
upper toggle –brace-damper system has the less percentage compare to the others. It 
is a good result to find out the upper toggle brace-damper system has most 
efficiency result for the structure during the seismic events.  
5.6 Conclusion  
 
This chapter provides a description of the three benchmarks structures that are 
analysed and the probability seismic hazards calculations. Three different types of 
control systems were then selected for implementation with structures; a) 
uncontrolled structures; b) with diagonal brace damper system; c) with an upper 
toggle-brace-damper system; under incremental dynamics analysis method to 
compare the result. The result show that the low-, medium-, high- , structures has 
the best performance with the toggle-brace-damper system.   
 
The step by step application of incremental dynamic analysis has been demonstrated 
for 3-, 9- and 20- storey steel benchmark buildings. By using OPENSEES to run the 
nonlinear analysis, the IDA curves, limit-state capacities, and the summarized of all 
the results had been presented in this chapter. IDA has a strong methodology to 
present useful conclusions to show upper toggle-brace-damper system has better 
seismic resistance over than diagonal brace damper system during the earthquake 
events.   
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Chapter 6 Conclusion and 
Further Research  
6.1 Conclusion  
Conclusion and detailed discussions have been taken up at the end of relevant 
chapters. The purpose of this chapter is to recapitulate the main findings, unifying 
them and to suggest some further research directions. Only the broad conclusions of 
this study are summarized here. 
 
In chapter 2, an overall literature review was undertaken which examined basic 
principles for seismic response control, passive energy dissipation and device, 
seismic energy dissipation system, and incremental dynamic analysis (IDA). 
Literature regarding applications of the software OPENSEES and the SAC Phase II 
project benchmark buildings were also reviewed. 
 
In chapter 3, the effects of in parameters were passive energy dissipation energy 
device in low-rise buildings under soft soil condition were investigated. 
Nonlinearity of deice of model by Bouc-Wen which is implemented in MATLAB a 
series of parametric study were carried out. The results indicated that stiffness ratio 
   plays a more important role then the yield drift angle    on the structures 
response during seismic events. 
 
In chapter 4, an economic and effective energy device called the upper toggle-brace-
damper system was developed. This mechanism is known to be effective in reducing 
the earthquake-induced response of structural systems.  This upper toggle-brace-
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damper system had a large magnification factor compared to other brace-damper 
systems. Additionally,  this toggle provides 51% more usable space and 21% less 
material than the conventional toggle systems. Different parametric studies were 
undertaken upon the upper toggle-brace-damper system and its sensitivity was then 
identified through numerical analysis in OPENSEES. Simple geometric design steps 
for this upper toggle-brace-damper system have been described. 
 
In chapter 5, the conclusions in this chapter will be based on the results of many 
nonlinear dynamic analyses through the incremental dynamic analysis (IDA) 
method, three CSA Phase II project steel buildings were used as benchmarks to carry 
out nonlinear analysis in OPENSEES.  The IDA curves can be used to calculate and 
analyse probabilistic seismic hazards. The Mean Annual Frequency (MAFs) of 
exceedance with probability percentage in 50 years for the limit-states (Immediate 
Occupancy, Collapse Prevention and Global Dynamic Instability). This result 
demonstrates that, the upper toggle-brace-damper system has a comprehensive 
benefit results compared to the other systems. The investigation on IDA curves 
showed the upper toggle-brace-damper system significantly reduces the seismic 
demands on the three steel benchmark buildings, therefore reducing the expected 
damage to the structures.   
 
6.2 Recommendations for Further Research 
 
In this regard, the following are suggestions for further research in this area: 
 The method of design steps of the toggle-brace-damper system can be further 
investigated; 
 Experimental investigations can be carried out to provide physical evidence; 
 Further extend the research for semi-active damping system;    
 Investigate the real application of the toggle-brace-damper system;  
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Appendix 
Appendix A: Detail of 3-storey steel benchmark buildings 
In Figure 61 is the 3-storey steel benchmark building, Figure 62 is the 3-storey steel 
benchmark building enhanced with diagonal damper system and Figure 63 is the 3-
storey steel benchmark building enhanced with upper toggle-brace-damper system.   
 
Figure 61 3-Storey Steel Benchmark Building [1] 
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Figure 62 3-Storey Steel Benchmark Building enhanced with Diagonal Damper 
System 
 
 
Figure 63 3-Storey Steel Benchmark Building enhanced with Toggle-Brace-Damper 
System 
Appendix B: Detail of 9-storey steel benchmark buildings 
In Figure 64 is the 9-storey steel benchmark building, Figure 65 is the 9-storey steel 
benchmark building enhanced with diagonal damper system and Figure 66 is the 9-
storey steel benchmark building enhanced with innovative upper toggle-brace-
damper system.   
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Figure 64 9- Storey Steel Benchmark Building 
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Figure 65 9-storey Steel Benchmark Building enhanced with Diagonal Damper 
System 
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Figure 66 9-storey Steel Benchmark Building enhanced with Toggle-Brace-Damper 
System 
 
Appendix C: Detail of 20-storey steel benchmark buildings 
In Figure 67Error! Reference source not found. is the 20-storey steel benchmark 
building, Figure 68 is the 20-storey steel benchmark building enhanced with 
diagonal damper system and Figure 69 is the 20-storey steel benchmark building 
enhanced with innovative upper toggle-brace-damper system.   
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Figure 67 20-storey Steel Benchmark Building  
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Figure 68 20-storey Steel Benchmark Building enhanced with Diagonal Damper 
System 
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Figure 69 20-storey Steel Benchmark Building enhanced with Toggle-Brace-Damper 
System 
 
